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ABSTRACT
Early-onset colorectal cancer (EOCRC) is the second most common cancer and the
third leading cause of cancer mortality in people under 50 years old in the United States.
Our hypothesis is that a high-fat diet (HFD), Allura Red AC, and/or psychological stress
causes distal and rectal colon inflammation, which are associated with dysbiosis.
Furthermore, chronic exposure to one or more of these elements increases the risk of
EOCRC. A/J inbred mice were utilized in this study. The results are consistent with our
hypothesis.
Overall findings are the following: (1) An HFD increased inflammatory scores and
polyps’ burden in the distal and rectal colon. (2) An HFD increased gut microbiota
Firmicutes/Bacteroidetes ratio causes dysbiosis. (3) An HFD depleted beneficial
microbiota S24-7 at the family level and enriched colorectal cancer (CRC) biological
marker Allobaculum at the genera level. (4) An HFD caused Apc mutations in colonic stem
cells. (5) Psychological stress increased inflammatory scores and polyps’ burden in the
distal and rectal colon. (6) Psychological stress enriched the CRC biological marker
Allobaculum in gut microbiota at the genera level. (7) Allura Red AC led to elevated IL-6
levels in the serum and elevated p53 mutations in colonic stem cells. (8) Allura Red AC
increased polyps’ burden and colitis in the distal and rectal colon when overlaid with the
HFD. (9) Allura Red AC decreased overall survival when overlaid with the HFD. (10)
Allura Red AC decreased microbial diversity and richness when overlaid with the HFD.
(11) Allura Red AC enriched CRC-related microbiota Erysipelotrichaceae at the family
v

level when overlaid with the HFD. (12) Allura Red AC resulted in metabolic changes by
depleting the microbial phylum Verrucomicrobia. (13) Allura Red AC overlaid with HFD
induced reproductive toxicity in A/J mice.
Our future directions are the following: (1) Identify the developmental window of
susceptibility to HFD, psychological stress, and Allura Red AC on EOCRC. (2) Test the
effects of HFD, psychological stress, and Allura Red AC in the A/J mouse with AOM to
determine any impact on tumorigenesis. (3) Test the effects of the HFD, psychological
stress, and Allura Red AC in other EOCRC animal models, e.g., ApcΔ14/+ (truncated Apc)
mice. (4) Perform the fecal microbiota transplantation into germ-free mice, e.g., transfer
the fecal sample from stressed human patients into germ-free A/J mice with AOM, to
determine stressed microbiota and carcinogen-induced EOCRC in mice.

vi

TABLE OF CONTENTS
DEDICATION ................................................................................................................... iii
ACKNOWLEDGEMENTS ............................................................................................... iv
ABSTRACT.........................................................................................................................v
LIST OF TABLES ............................................................................................................. ix
LIST OF FIGURES .............................................................................................................x
LIST OF ABBREVIATIONS ........................................................................................... xii
CHAPTER 1 INTRODUCTION ........................................................................................1
1.1 EARLY-ONSET COLORECTAL CANCER ...................................................1
1.2 EXPOSOMAL ELEMENTS .............................................................................3
1.3 OVERALL HYPOTHESES ..............................................................................6
1.4 GENERAL APPROACH...................................................................................6
1.5 GUARDIANS OF THE COLON ......................................................................7
CHAPTER 2 HIGH-FAT DIET INCREASES INFLAMMATION IN DISTAL
COLON AND RECTUM ......................................................................................14
2.1 INTRODUCTION ...........................................................................................14
2.2 METHODS ......................................................................................................17
2.3 RESULTS ........................................................................................................36
2.4 DISCUSSION ..................................................................................................44
CHAPTER 3 PSYCHOLOGICAL STRESS INCREASES INFLAMMATION
IN DISTAL COLON AND RECTUM ................................................................46
3.1 INTRODUCTION ...........................................................................................46
vii

3.2 METHODS ......................................................................................................50
3.3 RESULTS ........................................................................................................55
3.4 DISCUSSION ..................................................................................................67
CHAPTER 4 ALLURA RED AC DRIVES INFLAMMATION AND COLITIS
IN DISTACL COLON AND RECTUM ...............................................................70
4.1 INTRODUCTION ...........................................................................................70
4.2 METHODS ......................................................................................................75
4.3 RESULTS ........................................................................................................78
4.4 DISCUSSION ..................................................................................................94
CHAPTER 5 ALLURA RED AC ASSOCIATED WITH REPRODUCTIVE
TOXICITY IN MICE ............................................................................................97
5.1 INTRODUCTION ...........................................................................................97
5.2 METHODS ......................................................................................................98
5.3 RESULTS ......................................................................................................101
5.4 DISCUSSION ................................................................................................104
CHAPTER 6 DISCUSSION ............................................................................................106
6.1 SIGNIFICANT FINDINGS ...........................................................................106
6.2 LIMITATIONS ..............................................................................................108
6.3 PROBLEMS REMAINING...........................................................................110
6.4 FUTURE DIRECTION .................................................................................111
REFERENCES ................................................................................................................113
APPENDIX A: QIIME 2.0 IMPORTANT SCRIPTS AND WORKFLOW ...................174

viii

LIST OF TABLES
Table 2.1 Experiment Groups of LFD/HFD ......................................................................19
Table 2.2 Ingredient Contents of LFD/HFD ......................................................................19
Table 2.3 Histologic Scoring System.................................................................................22
Table 2.4 PCR Protocol Formula .......................................................................................23
Table 2.5 MiSeq Summary Results ...................................................................................27
Table 2.6 Microbial Analysis Index QC ............................................................................28
Table 2.7 Growth Factors and Small Molecule Inhibitors’ Function ...............................33
Table 2.8 Growth Media Formula of Organoids Culture ..................................................34
Table 2.9 Necropsy Measurement of LFD and HFD Groups ............................................40
Table 3.1 Experimental Groups .........................................................................................52
Table 3.2 Necropsy Measurement of Stress Experiment ...................................................62
Table 4.1 Allura Red AC Experiment Groups ...................................................................76
Table 4.2 Necropsy Measurement of Allura Red AC Experiment ....................................82
Table 4.3 Quantification Organoids Derived from Different Culture Environment .........93
Table 6.1 Anatomy Comparison of Mouse and Human Larger Intestinal Tract .............109
Table 6.2 Difference Genus between Mouse and Human ...............................................109

ix

LIST OF FIGURES
Figure 1.1 The Rise in EOCRC ...........................................................................................2
Figure 2.1 Primary PCR Imagine.......................................................................................24
Figure 2.2 Bioanalyzer Results ..........................................................................................26
Figure 2.3 Colonic Organoid Culture Workflow ...............................................................35
Figure 2.4 Observation of LFD and HFD Fed Mice..........................................................38
Figure 2.5 Clinical Observation of LFD and HFD Fed Mice ............................................39
Figure 2.6 Clinical Observation of LFD and HFD Fed Mice ............................................40
Figure 2.7 Microbial Communities’ Analysis ...................................................................41
Figure 2.8 Microbial Communities’ Analysis ...................................................................42
Figure 2.9 Microbial Communities’ Analysis ...................................................................43
Figure 3.1 Stressed Experimental Design ..........................................................................52
Figure 3.2 Observation of Stress Experiment ....................................................................58
Figure 3.3 Growth Data of Stress Experiment ...................................................................59
Figure 3.4 Peripheral Blood Analysis of Stress Experiment .............................................60
Figure 3.5 Colon Analysis of Stress Experiment ...............................................................61
Figure 3.6 Colon Analysis of Stress Experiment ...............................................................62
Figure 3.7 Histopathological Analysis of Stress Experiment ............................................63
Figure 3.8 Microbial Communities’ Analysis of Stress Experiment .................................64
Figure 3.9 Phyla and Family Level of Stress Experiment .................................................65
Figure 3.10 Genus Heatmap of Stress Experiment ............................................................66
x

Figure 4.1 Information of Allura Red AC .........................................................................74
Figure 4.2 Experiment Design of Allura Red AC..............................................................76
Figure 4.3 Observation of Experimental Allura Red AC Groups ......................................81
Figure 4.4 Clinical Observation of Allura Red AC Experiment ........................................82
Figure 4.5 Microbial Diversity of Allura Red AC Experiment .........................................83
Figure 4.6 Microbiome Analysis of Allura Red AC Experiment ......................................84
Figure 4.7 Microbiome Heatmap of Allura Red AC Experiment ......................................85
Figure 4.8 Microbial Diversity of Stress Overlaid with Allura Red AC ...........................86
Figure 4.9 Microbiome Analysis of Stress Overlaid with Allura Red AC ........................87
Figure 4.10 Microbiome Heatmap of Stress Overlaid with Allura Red AC ......................88
Figure 4.11 Histopathological Analysis of Allura Red AC Experiment ...........................89
Figure 4.12 Colon Analysis of Allura Red AC Experiment ..............................................90
Figure 4.13 Peripheral Blood Analysis of Allura Red AC Experiment .............................91
Figure 4.14 Organ Analysis of Allura Red AC Experiment ..............................................92
Figure 4.15 Images of Colonic Organoids in Different Culture Environment ..................93
Figure 5.1 One Generation Experimental Design ............................................................101
Figure 5.2 Food and Drink Intake of Female Mice .........................................................103
Figure 5.3 One Generation Experimental Data................................................................104

xi

LIST OF ABBREVIATIONS
ACF ....................................................................................................... Aberrant Crypt Foci
ADI ................................................................................................. Acceptable Daily Intake
ADME ......................................................Absorption, Distribution, Metabolism, Excretion
ALS ...........................................................................................................Alkali-labile Sites
APC ......................................................................................... Adenomatous Polyposis Coli
BMI ........................................................................................................... Body-Mass Index
CBC.................................................................................................. Complete Blood Count
CBC Cells ................................................................................. Crypt Base Columnar Cells
CFR .......................................................................................... Code of Federal Regulations
CMS ..................................................................................................... Chronic Mild Stress
CNS ................................................................................................ Central Nervous System
COX-2 ...................................................................................................... Cyclooxygenase-2
CRC...........................................................................................................Colorectal Cancer
DII .................................................................................... Diffuse Inflammatory Infiltration
DI Water..................................................................................................... Deionized Water
EFSA ................................................................................. European Food Safety Authority
EOCRC ................................................................................. Early-onset Colorectal Cancer
EU ............................................................................................................... European Union
FAO............................................................................... Food and Agriculture Organization
FDA...................................................................................... Food and Drug Administration
FD&C ........................................................................................... Food, Drug and Cosmetic
xii

GIN ...................................................................... Gastrointestinal Intraepithelial Neoplasia
GI Tract ............................................................................................... Gastrointestinal Tract
H&E Staining .................................................................... Hematoxylin and Eosin Staining
HFD.................................................................................................................. High-fat Diet
IBD ........................................................................................ Inflammatory Bowel Diseases
IBS ............................................................................................... Irritable Bowel Syndrome
IL-6 ................................................................................................................... Interleukin-6
ISC ........................................................................................................ Intestinal Stem Cell
JECFA ....................................The Joint FAO/WHO Expert Committee on Food Additives
KD ................................................................................................................. Ketogenic Diet
LFD ................................................................................................................... Low-fat Diet
LOCRC ................................................................................... Late-onset Colorectal Cancer
LPS....................................................................................................... Lipopolysaccharides
MEGAN .......................................................................................... Meta Genome Analyzer
MSS...................................................................................................... Microsatellite Stable
NSAIDs ..................................................................Non-steroidal Anti-inflammatory Drugs
OTU ....................................................................................... Operational Taxonomic Unit
PBS ............................................................................................. Phosphate Buffered Saline
PCA ...................................................................................... Principal Component Analysis
QIIME ............................................................ Quantitative Insights into Microbial Ecology
RPMI ................................................................... Roswell Park Memorial Institute Medium
SAD................................................................................................. Standard American Diet
SCE ......................................................................................... Sister Chromatid Exchanges
SCFA............................................................................................... Short Chain Fatty Acids
SII............................................................................Systemic Immune -inflammation Index
xiii

SSB ..................................................................................................... Single-Strand Breaks
TLS ......................................................................................... Tertiary Lymphoid Structure
TM............................................................................................................ Tunica Muscularis
TNF-α..................................................................................... Tumor Necrosis Factor-alpha
T2D ............................................................................................................. Type 2 Diabetes
USDA................................................................... United States Department of Agriculture
WHO .......................................................................................... World Health Organization

xiv

CHAPTER 1
INTRODUCTION
1.1 Early-Onset Colorectal Cancer
Early-onset colorectal cancer (EOCRC) is the second most common cancer and the
third leading cause of cancer mortality in people under fifty years of age in the United
States of America (USA) (S. G. Patel & Ahnen, 2018). EOCRC has been on the rise over
the past four decades, and it is expected to increase by over 140% by 2030 (C. E. Bailey et
al., 2015). Although established cancer-driving forces have been linked to EOCRC, e.g.,
diet, sedentary lifestyle, alcohol, red-meat consumption, there is also a consensus that
EOCRC is a pathologically, epidemiologically, anatomically, biologically different disease
than Late-Onset Colorectal Cancer (LOCRC; over fifty years old). Despite a significant
gap for explaining the rise of CRC in the young, when surveying the exposome, there are
specific elements that rise to the top and require attention in the backdrop of this unique
disease (Wild, 2005; Wild, Scalbert, & Herceg, 2013).
Previous work has demonstrated the following: (1) EOCRC incidence and mortality
have been increasing since the early 1990s (R. L. Siegel, Fedewa, et al., 2017; R. L. Siegel
& Jemal, 2016; R. L. Siegel, Miller, Fedewa, et al., 2017; R. L. Siegel, Miller, & Jemal,
2017); (2) EOCRC is a global phenomenon, similar trend appeared in many continents
(Gandhi et al., 2017; Pardamean, Baurley, Pardamean, & Figueiredo, 2016; P. Patel & De,
2016; Perl et al., 2016; Veruttipong et al., 2012); (3) CRC development is linked to chronic
inflammation and dysbiosis (Dulai, Sandborn, & Gupta, 2016; Gao, Guo, Gao, Zhu, & Qin,
1

2015); and (4) Exposure may occur during development and adulthood. Complicating the
EOCRC enigma, obesity and diabetes appear as associated to key risk factors (Hidayat,
Yang, & Shi, 2018; Levi et al., 2017). However, both thin and obese people have been
diagnosed with EOCRC, and it appeared young age patients suffered mainly in late stages,
distal and rectal cancer (left-sided colon cancer) (Cavestro et al., 2018). The CRC incidence
trends by age and gender between 1974 and 2014 in the U.S. were shown in Figure 1.1:
young age group, both male and female CRC incidences gradually increased, while older
groups incidences were declined. With this information, it makes sense to focus on the
exposome elements that meet the following criteria:
(1) Incidence and mortality have been increasing globally since 1990s.
(2) Affect the young population the most.
(3) Appeared left-sided (distal and rectal cancer) and advanced stages by the diagnosed.

Figure 1.1 The rise in EOCRC (R. L. Siegel, Fedewa, et al., 2017).
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1.2 Exposomal Elements
Such criteria create a strong scientific premise and logical suspects. Although
several elements meet those criteria (Hofseth et al., Nature Reviews, 2020), we focused on
three factors in our study: A high-fat-Westernized diet, the synthetic food dye-Allura Red
AC (Red No.40 or E129), and psychological stress.
1.2.1 High-Fat, Westernized Diet
Rigorous science has consistently shown that the adoption of a Western diet, which
is rich in red meat, high in saturated fat, low in fiber, deficient in vitamins and minerals,
heavily processed and laden with synthetic molecules, exerts a negative effect on the colon
(Y. L. Feng et al., 2017; Shivappa et al., 2017). It is also known that healthier regimens
such as a Mediterranean diet (rich in vegetables, fruits, whole grains, and healthy fats;
limited red meat; moderate fish, poultry, bean, egg, and dairy products), promote a healthy
colon (Castello et al., 2018). Although a Mediterranean diet appears to protect the entire
colon and rectum, a Western dietary pattern increases explicitly risk in the distal colon and
rectum (Castello et al., 2018; Mehta et al., 2017). Western dietary patterns also appear more
strongly associated with tumors that are KRAS wildtype, BRAF wildtype (EOCRC tend to
be BRAF+/+), have no or a low CpG island methylator phenotype (EOCRC tend to be CIMP
low or negative), and microsatellite stability; molecular qualities that match EOCRC
(Mehta et al., 2017). Westernized diet influenced globally since 1970s. Westernized diet
high in animal fat and protein, refined carbohydrates, low in fiber, vitamins, and minerals,
moreover, heavily processed and loaded with synthetic chemicals (Popkin, Adair, & Ng,
2012). A Western diet also drives gut dysbiosis (Statovci, Aguilera, MacSharry, & Melgar,
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2017) and inflammation (O'Keefe, 2016). Although the premise for a Westernized diet
contributing to EOCRC is strong, there is a gap in properly testing this hypothesis.
1.2.2 Allura Red AC
The scientific premise for choosing Allura Red AC as an exposomal suspect worth
testing is strong: Allura Red AC’s production and consumption have increased five-fold
since 1955 to 2010, and in last ten years, total artificial food coloring consumption
increased nearly two-fold in the United States. Allura Red AC is by far the most common
synthetic food dye in the United States (S. Kobylewski & Jacobson, 2010; S. Kobylewski
& Jacobson, 2012). Allura Red AC has inflammatory and dysbiosis-driving properties
(JECFA, 2017; Brown, 1981; Khayyat, Essawy, Sorour, & Soffar, 2018; Meyer et al.,
2017; Raposa et al., 2016; Stevens et al., 2015). Previous studies have been shown: First,
Allura Red AC induces DNA damage in pregnant mice in multiple organ systems. Second,
Allura Red AC is degraded by gut bacteria, and further alter the gut microbiome (Chung, Fulk,

& Andrews, 1981; Chung, Fulk, & Egan, 1978), and GI microbiota plays a critical role in
CRC development (Louis, Hold, & Flint, 2014). The transformation of Allura Red AC by
intestinal bacteria may be a necessary prerequisite of carcinogenicity, and the degraded dye
may reabsorb from the digestive tract, causing mutagenesis and carcinogenesis (Chung,
1983). Third, the dose for DNA damage - mainly in the colon - is close to acceptable daily
intake (ADI) levels recommended by the FAO/WHO Expert Committee. Finally, the
inflammatory milieu, innate immunity, and function of immune cells are compromised,
and a compromised immune system helps drive CRC (Koi & Carethers, 2017; Merlot,
Couret, & Otten, 2008; Saleh & Trinchieri, 2011).
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1.2.3 Psychological Stress
The socioeconomic status, education, career, climate factors, and social capital are
related to psychological stress in contemporary life. Psychological stress is likely to be an
external exposome factor that requires attention in the context of EOCRC. Not only does
stress have a direct impact on rectal cancer (Kikuchi et al., 2017), but stress during
pregnancy can increase the risk of CRC in her offspring (Zhang et al., 2018), and the
scientific premise for this hypothesis is strong. First, there have been global parallel
increases in perceived stress (including maternal stress) and EOCRC in the preceding four
decades (Cohen, Janicki-Deverts, & Miller, 2007; R. L. Siegel, Fedewa, et al., 2017;
Twenge et al., 2010; Xin, Niu, & Chi, 2012). Second, less sleep drives stress, obesity
(linked to EOCRC), and CRC (Jiao et al., 2013; Sluggett, Wagner, & Harris, 2019;
Thompson et al., 2011; Zhang et al., 2018). Third, psychological stress increases the risk
of obesity and diabetes; both linked to EOCRC (Vu et al., 2014; Zhang et al., 2018). Fourth,
stress is associated with reduced physical activity and deterioration in diet (Hebert et al.,
2015). Fifth, the inflammatory milieu, innate immunity, function of immune cells, and the
microbiome are compromised under psychological stress (Zhang et al., 2018), and a
compromised immune system helps drive CRC (Tolba, 2020). Finally, psychological stress
alter the stem cell homeostasis, and affect the outcome of hematopoietic stem cell
transplantation (Amonoo et al., 2019). Psychological stress also causes genetic, epigenetic,
and microbial changes not only in the stressed individual, but also in the offspring (Zhang
et al., 2018). Such generational transfer, including aberrant DNA methylation, has been
linked to the genesis of CRC (Tse, Jenkins, Chionh, & Mariadason, 2017). An important
recent paper that is directly relevant to the gut-brain axis, showed that psychological stress
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elicits a glucocorticoid hormonal response that augments gut permeability, leading to
microbiota-dependent interleukin-17A (IL-17A) secretion from T helper 17 (Th17) cells
of the lamina propria, followed by the expansion of the circulating pool of aged neutrophils
(Xu, Lee, Zhang, & Frenette, 2020). So, the evidence from multiple sources supports the
hypothesis that psychosocial stress influences the ‘guardians of the colon’ (microbiome,
inflammation, stem cell homeostasis, and mutation events) (Carson et al., 2018b), and
therefore the genesis of EOCRC. It therefore makes sense to study the impact of
psychological stress in EOCRC – which I have done in this dissertation.
1.3 Overall Hypotheses
The following hypothesis was tested: a high-fat diet (HFD), Allura Red AC, and/or
psychological stress causes distal and rectal colon inflammation, which are associated with
dysbiosis. Furthermore, chronic exposure to one or more of these elements increases the
risk of EOCRC.
1.4 General Approach
The hypothesis was tested on the A/J mouse strain. The A/J inbred strain is widely
used in cancer and immunology research. A/J genotypes are Hc

0

related hemolytic

complement deficient, Il3ra m1 related IL3 receptor alpha chain mutation, and Naip5Lgn1-s
related NLR family susceptibility (Laboratory, 2020b). A/J mice are an excellent strain to
support research in many areas, such as immunology, neurobiology (Miller, Schultz,
Gulati, Cameron, & Pletcher, 2008), inflammation, cancer research, including mammary
gland tumors, lung cancer (Stinn, Buettner, Arts, Kuper, & Haussmann, 2006). A/J mice
are used for carcinogen testing given their high susceptibility to carcinogen-induced tumors
(Bogen & Witschi, 2002; Derry et al., 2013; Guda et al., 2004; Hecht, Isaacs, & Trushin,
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1994), response to carcinogen treatment, including the underlying molecular aberrations
and how these changes may relate to the pathogenesis of human colorectal cancer
(Bissahoyo et al., 2005). Here distal colorectal tumors had similar pathological features to
EOCRC; and thus, it provides an appropriate model to study the impact of the exposome
on CRC.
The advantages of using A/J mice strain are the following: A/J mice resistant to
atherosclerosis, diabetes, obesity, insulin resistance, and glucose intolerance (Anunciado
et al., 2003; Paigen, Ishida, Verstuyft, Winters, & Albee, 1990). On a high-fat diet for a
ten-month experimental design, A/J mice do not become obese (Leibowitz et al., 2005),
and maintain insulin levels. I, therefore, used this strain for our study.
1.5 Guardians of the Colon
1.5.1 Inflammation and CRC
Chronic inflammation drives carcinogenesis. This body of evidence includes
careful studies of clinical conditions, such as inflammatory bowel disease (Arthur et al.,
2014; Arthur & Jobin, 2011; Bruner & Jobin, 2016; Levin, 1992; Motilva, Garcia-Maurino,
Talero, & Illanes, 2011; Munkholm, 2003; Rhodes & Campbell, 2002; Terzic,
Grivennikov, Karin, & Karin, 2010), which increase CRC incidences. Moreover, precursor
lesions, such as adenomas, are known to be in a direct pathogenic line to CRC (Baron et
al., 2003; Corley, Levin, & Doubeni, 2014; Gunter et al., 2006; Meester et al., 2015;
Morimoto et al., 2002; Xirasagar et al., 2015; Zauber et al., 2012). Inflammatory
lymphocyte infiltration is a common feature in CRC. A systematic review suggests that
generalized tumor inflammatory infiltration might serve as a robust marker for predicting
the prognostic of patients with CRC (Mei et al., 2014). Patients with overall high
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inflammation and lymphocyte grades have lower survival and more aggressive cancer
stages (Klintrup et al., 2005).
While a pro-inflammatory diet can induce chronic GI inflammation, (Barbaresko,
Koch, Schulze, & Nothlings, 2013; Chan & Giovannucci, 2010; Di Raimondo et al., 2013;
Sanchez et al., 2012; Viladomiu, Hontecillas, Yuan, Lu, & Bassaganya-Riera, 2013; Wolin,
Yan, Colditz, & Lee, 2009; Woods, Vieira, & Keylock, 2009), it is not known whether
exposure to a high inflammatory western diet during development can modulate the
outcome of CRC. It is also reasonable that psychological stress may be more impactful on
inflammation, the microbiome, and CRC genesis when stress is induced during critical
windows of development. Indirect support for this hypothesis comes from sleep loss and
disruption of circadian rhythms, that also can induce GI inflammation and increase CRC
risk (Ali, Choe, Awab, Wagener, & Orr, 2013; Erren et al., 2016; Grandner, Seixas, Shetty,
& Shenoy, 2016; Irwin, Olmstead, & Carroll, 2016; Sobolewska-Wlodarczyk et al., 2016;
X. Wang et al., 2015).
In clinical setting, elevated cyclooxygenase-2 (COX-2) expression was found in
most CRC tissues and is associated with poor survival. Reducing COX-2 by using antiinflammatory drugs, such as non-steroidal anti-inflammatory drugs (NSAIDs), is
preventive against CRC (D. Wang & Dubois, 2010; S. Wang, Liu, Wang, & Zhang, 2009).
It has become clear that elevated systemic inflammatory response is consistently associated
with poor outcome independent of the CRC stage (Maeda et al., 2015; Shibutani et al.,
2015). The systemic immune-inflammation Index (SII) is a significant indicator of longerterm outcomes in CRC patients. Neutrophils play an essential role in the production of
cytokines, which relate to inflammation and tumor progression. Lymphocytes play a
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critical role in the host immune function, and a decreased lymphocyte count indicated a
decreased resistance to tumors. SII as an inflammatory biomarker of CRC could quickly
be assessed in peripheral blood (Yatabe et al., 2020).
1.5.2 Microbiome and CRC
Human food supplies changed dramatically in the last 400 years since the
introduction of industrial food. From our ancestor plant-based diet to today, highly
processed food occupies 70 % food consumption in the USA. Highly processed food, rich
in animal products, and low fiber diet aggravate the inflammatory diseases, autoimmune
diseases and cancers (Daien, Pinget, Tan, & Macia, 2017). Animal foods contain high
levels of sulfur-containing amino acids; high-fat diet increases production of bile acids,
which are converted to cancer-promoting substances by gut bacteria; compromised
microbiome alters bile acid signaling and produce distinct bile acids profile, which are
associated with cancer development and progression (Guerin et al., 2014; Natividad et al.,
2018; Phelan, Reen, Caparros-Martin, O'Connor, & O'Gara, 2017). Diet shaped human
enterotypes and altered microbiome result in different metabolic pathways and immune
function (Arumugam et al., 2011; Romo-Vaquero et al., 2019). Mechanisms by which the
microbiome modulates carcinogenesis were reviewed in detail (Raskov, Burcharth, &
Pommergaard, 2017). Summarized here, two categories of bacteria initiate or promote
CRC in humans. The first category is sulfidogenic bacteria, e.g., Fusobacterium,
Desulfovibrio, and Bilophila wadsworthia. Those bacteria produce hydrogen sulfide (H2S),
a genotoxic compound that damages DNA, and promotes genomic or chromosomal
instability, this event was found in over 80% of sporadic CRCs. The second category is
Streptococcus bovis (S. bovis). S. bovis biotype I promotes cellular proliferation and
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interferes with apoptosis, produces proinflammatory cytokines and regulate the CRC, such
as NF-ĸB, IL-1β, IL-6 and IL-8 as well as COX-2 (Abdulamir, Hafidh, & Abu Bakar, 2011;
Dahmus, Kotler, Kastenberg, & Kistler, 2018; Ijssennagger, van der Meer, & van Mil,
2016; Waldner, Foersch, & Neurath, 2012). The alteration of human gut microbiome could
involve in initiation, promotion, and consequence of colorectal cancer (Ahn et al., 2013;
Allali et al., 2018; Allen & Sears, 2019; J. Chen, Pitmon, & Wang, 2017; Purcell,
Visnovska, Biggs, Schmeier, & Frizelle, 2017; Yamamoto & Matsumoto, 2016).
Emerging evidence links gut microbiota to CRC risk through altered host-microbial
interactions (Arthur et al., 2014; Arthur & Jobin, 2011, 2013; Backhed et al., 2004). Indeed,
dysbiosis drives inflammation (Arthur et al., 2014; Arthur & Jobin, 2011, 2013; Backhed
et al., 2004; Hu et al., 2013), ultimately affecting epithelial cell DNA integrity and cellular
transformation (Allen-Vercoe & Jobin, 2014; Arthur et al., 2014; Arthur & Jobin, 2011,
2013; Schwabe & Jobin, 2013; G. Y. Chen, Shaw, Redondo, & Nunez, 2008; Singh et al.,
2012; Vannucci et al., 2008). Therefore, it is reasonable to hypothesize that gut dysbiosis
caused by CRC suspects, including high-inflammatory Western diet and psychological
stress, are at a mechanistic crossroads of the exposome-EOCRC connection.
The scientific premise supporting a mechanistic link between gut microbial
dysbiosis and CRC is strong (Chassaing, Vijay-Kumar, & Gewirtz, 2017; Gao et al., 2015).
Approximately 1000 different species of microbes comprised of trillions of cells reside in
the human gut (Guinane & Cotter, 2013). Although the overall picture remains blurry, this
provides many targets for the exposome. Gut microbiota and its host share a symbiotic and
intricate relationship that benefits both the microbiome and the host. Microbes maintain
gastrointestinal homeostasis and (under healthy circumstances) protect the gut against
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inflammation and cancer, such as short-chain fatty acids production. However, some
aspects of the exposome [i.e., any general external exposomal element (e.g., psychological
stress; a high-inflammatory Western diet), specific exposomal elements (e.g., antibiotics,
synthetic food additives), or internal exposomal elements (e.g., inflammation)] (Wild,
2005; Wild et al., 2013) can alter the gut microbiome leading to dysbiosis. Microbiome, in
turn, will have a direct impact on the mechanisms that lead to CRC. High-fat diets can
cause intestinal dysbiosis, leading to the accumulation of harmful bacterial products, such
as lipopolysaccharides (LPS) that can enter the intestinal circulation and cause
inflammation (Huang & Liu, 2019). Dietary emulsifiers (used to aid texture and extend
shelf-life of processed foods) modulate the gut microbiota and drive colitis and metabolic
syndrome (Chassaing et al., 2015).
1.5.3 Genetic Changes in EOCRC
Family history and hereditary conditions account for ~30% of EOCRCs (S. G. Patel
& Ahnen, 2018; Pearlman et al., 2017; Strum & Boland, 2019). The total prevalence of
mutational burden is estimated at 16% in EOCRC, with half of these being Lynch
syndrome mutations and the other half being other mutations (including APC, monoallelic
and biallelic MutYH, and BRCA1/BRCA2 (Pearlman et al., 2017)). Importantly, a
negative family history does not exclude cancer hereditary syndromes (Stigliano, SanchezMete, Martayan, & Anti, 2014) (for instance, owing to poor communication among
families, or other yet-to-be-discovered inherited genes). Thus, more research is needed to
elucidate the genetic profiles of patients with EOCRC fully.
A first-degree relative with a large or histologically advanced adenoma increases
the lifetime risk of CRC by up to four-fold (Lieberman, Prindiville, Weiss, & Willett, 2003;
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Lynch, Ahnen, Byers, Weiss, & Lieberman, 2003). Therefore, guidelines recommend that
such individuals initiate CRC screening at age forty (Rex et al., 2017). Unfortunately,
adherence to this recommendation in the young is low (Tsai, Xirasagar, Li, & de Groen,
2015). Improving identification of — and screening in — this population is an immediate
step to curb the rising rates of EOCRC. Barriers involved in such efforts need to be
addressed, including patient and provider awareness of risk based on family history (Hogan
et al., 2015). Although we might discover new genes coming from Mendelian inheritance
in individual families at high risk of EOCRC, these factors would be unlikely to exert a
materially substantial effect on reversing the trend in EOCRC in entire populations.
EOCRCs tend to be microsatellite stable (MSS) and near diploid, and multiple
alterations of chromosome number, chromosomal rearrangements, or gene amplification
or deletion of oncogenes or tumor suppressors continue to be identified. Up to 63% of
EOCRCs with MSS are euploid (chromosomal instability (CIN)-negative) (Pilozzi et al.,
2015). EOCRC is also associated with a higher percentage of synchronous (5.8% versus
1.2% LOCRC) and metachronous tumors (4.0% versus 1.6% LOCRC) (J. T. Liang et al.,
2003). Microsatellite and chromosome-stable (MACS) tumors are common in EOCRC and
are associated with positive family history and rectal location (60% of MACS are rectal
tumors) (Boardman et al., 2001). Another recognized feature of EOCRC is genome-wide
hypomethylation in a subset of patients (Antelo et al., 2012; S. G. Patel & Ahnen, 2018;
Strum & Boland, 2019), which seems to be correlated with chromosomal instability and
poor prognosis (Antelo et al., 2012; Pilozzi et al., 2015). Some of the key players involved
in LOCRC, including KRAS codon 12 mutations, have been identified as drivers of EOCRC
(Pilozzi et al., 2015; Watson, Liu, & Ruzinova, 2016). Indeed, it would also be wise to
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catalog differences in molecular signatures of rectal versus distal colon cancer. To this end,
subclassifications of EOCRC based on genomic signatures have been proposed (Arriba et
al., 2017). For more details on molecular changes associated with EOCRC, the reader is
guided to other reviews (Boland, Yurgelun, & Boland, 2018; Mauri et al., 2019; Stigliano
et al., 2014; Strum & Boland, 2019). Exciting and consistent findings in the young people
with CRC include a relatively high rate of KRAS mutations, LINE-1 hypomethylation and
p53 mutations (Antelo et al., 2012; Lieu et al., 2019; Watson et al., 2016). BRAF(V600E)
mutations or adenomatous polyposis coli (APC) mutations infrequently occur in EOCRC
(Ballester, Rashtak, & Boardman, 2016; J. Liang, Kalady, & Church, 2015; Lieu et al.,
2019; Willauer et al., 2019).
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CHAPTER 2
HIGH-FAT DIET INCREASES INFLAMMATION IN DISTAL COLON
AND RECTUM
2.1 Introduction
EOCRC is a global phenomenon (C. E. Bailey et al., 2015; Bhurgri et al., 2011;
Chong et al., 2015; Fu et al., 2014; Gandhi et al., 2017; Haleshappa et al., 2017; Hav et al.,
2011; Hessami Arani & Kerachian, 2017; Ibrahim, Afolayan, Adeniji, Buhari, & Badmos,
2011; Kansakar & Singh, 2012; Pardamean et al., 2016; P. Patel & De, 2016; Perl et al.,
2016; Plunkett et al., 2014; Roder, Warr, Patterson, & Allison, 2018; Seydaoglu, Ozer,
Arpaci, Parsak, & Eray, 2013; Soliman et al., 1997; Sudarshan, Hussain, Gahine, &
Mourya, 2013; The Lancet, 2017; Troeung et al., 2017; Veruttipong et al., 2012; Yoon,
Kim, Nam, Joo, & Ki, 2015; Young et al., 2015), and therefore has to be studied through a
local and global lens. In this light, global food habits have gotten worse due to cheaper
caloric sweeteners, food processing advances and benefits, a caloric beverage revolution,
and edible oil revolution (high-yield oilseeds, cheap removal of oils) (World Health
Organization, 2003, 2006, 2009). Rigorous science has consistently shown that the
adoption of a Western diet, which is rich in red meat, high in saturated fat, low in fiber,
deficient in vitamins and minerals, heavily processed and laden with synthetic molecules,
exerts a negative effect on the colon (Y. L. Feng et al., 2017; Redondo-Useros et al., 2020;
Shivappa et al., 2017; Vipperla & O'Keefe, 2016; Castello et al., 2018; Ghosh et al., 2020).

14

It is also known that healthier regimens such as a Mediterranean diet (rich in vegetables,
fruits, whole grains and healthy fats, limited red meat, moderate fish, poultry, bean, egg
and dairy products) promotes a healthy colon (Castello et al., 2018; Ghosh et al., 2020).
Although a Mediterranean diet appears to protect the entire colon and rectum, important to
EOCRC, a Western dietary pattern specifically increases risk in the distal colon and rectum
(Castello et al., 2018; Mehta et al., 2017). Western dietary patterns also appear to be more
strongly associated with tumors that are KRAS wildtype, BRAF wildtype (EOCRC tend to
be BRAF+/+), have no or a low CpG island methylator phenotype (EOCRC tend to be CIMP
low or negative), and microsatellite stability (Mehta et al., 2017). A Western diet also
drives gut dysbiosis (Statovci et al., 2017) and inflammation (O'Keefe, 2016); and an
increasing number of children (worldwide) are eating such diets high in refined
carbohydrates, added sugars, fats, and animal-sources (Popkin et al., 2012) that are bad for
colon health.
Due to the decade(s)-long process of carcinogenesis, it is reasonable to hypothesize
that the diagnosis of cancer in the 2nd-4th decade of life might be a consequence of
exposure decades earlier (i.e., before adulthood). Supporting this hypothesis are studies
that have looked at body fat content (linked to consumption of a high-fat diet) before the
diagnosis of CRC; concluding that increased body fat at an early age increases the risk of
CRC years later (Hidayat et al., 2018; Kantor et al., 2016; Levi et al., 2011; Levi et al.,
2017; Renehan et al., 2012). It is also reasonable to hypothesize that the consumption of a
high-fat diet, regardless of weight consequences, causes dysbiosis and inflammation in the
colon and rectum. I set out to determine if a high-fat diet (HFD) causes distal and rectal
colon inflammation.
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The evidence is building that a high-fat Western diet drives CRC (Karunanithi &
Levi, 2018; Reddy, 2002). Westernized diet influence globally since 1970s, Westernized
diet high in animal fat and protein, low in fiber, vitamins, and minerals, moreover, heavily
processed and loaded with synthetic chemicals. It is unclear whether a defined high-fat diet
drives CRC when exposed to the diet at a young age, or a well-defined high-fat diet drives
inflammation in the distal colon and rectum. I hypothesized that a high-fat Western diet
induces inflammation, alters metabolism via changing components of microbiome, such as
genes encoding carbohydrate metabolism pathways are enriched in members of the
Bacteroidetes phylum, while genes encoding bile acid metabolism pathways are enriched
in the bile acid-tolerance microbes in the Firmicutes phylum (X. Chen & Devaraj, 2018;
Dabke, Hendrick, & Devkota, 2019; David et al., 2014; Gallardo-Becerra et al., 2020; A.
M. Martin, Sun, Rogers, & Keating, 2019; Mazidi, Rezaie, Kengne, Mobarhan, & Ferns,
2016). The scientific premise that underlies this hypothesis are the following: (1) a highfat diet causes obesity, which is linked to EOCRC; (2) a high-fat diet causes metabolic
perturbations, leading to health problems other than EOCRC; including type 2 diabetes
(T2D) or heart disease; (3) a high-fat diet can alter intestinal microbiota profiles, induce
dysbiosis, and cause leaky gut syndrome. (Araujo, Tomas, Brenner, & Sansonetti, 2017);
(4) The American population, infant and adults, have significantly low microbiota
composition/diversity compare to the other cohorts (Yatsunenko et al., 2012). Importantly,
the global diet has changed over last century from an industrial food system to today’s
highly processed food. This ‘westernization of global diets’ very likely cause the ecosystem
to change in our gut (Sonnenburg & Sonnenburg, 2014). I address this hypothesis by
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studying the impact of a well-defined high-fat, Westernized diet on the health of the distal
colon and rectum in mice.
2.2 Methods
2.2.1 Experiment Design
A/J mouse (Stock No: 000646, Jackson Lab), three-week-old mice were purchased
from Jackson Laboratory (Bar Harbor, ME). Animals were utilized in accordance with
protocols approved by the Institutional Animal Care and Use Committees of the University
of South Carolina: # 2432-101337-100818. Care and use of animals were overseen by the
Animal Resource Facility (ARF) of the University of South Carolina under the direction
of a veterinarian. The ARF is fully accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International, is registered with the U.S.
Department of Agriculture (56-R-003) and has an active letter of Assurance of Compliance
on file at the NIH.
The animal facility is a fully accredited AAALAC, 22 ̊ C, with 12 h dark, 12 h light
cycle. According to the University of South Carolina, they have approved protocol as
specified in the NIH Guide to the Use and Care of Animals. A/J mice were maintained on
rodent chow for one week after arrived and the experiment was started at four-week old
mice. Mice were randomized signed in different experiment groups, and four to five mice
were singed in one cage. Since male and female animals have different eating habits and
metabolism rates (Bachmanov, Reed, Beauchamp, & Tordoff, 2002), and different degrees
of a stress response (Lezak, Missig, & Carlezon, 2017), we utilized all female mice in this
study. With EOCRC program processing, male mice study will be conducted in the near
future.
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The Standard American Diet (SAD) have significant changes since the 1950s,
which is featured a greater calorie-dense and nutrient-poor food and beverage choices
(Grotto & Zied, 2010). The Western diet is associated with colon tumorigenesis (Rao,
Hirose, Indranie, & Reddy, 2001). Here, we utilized diet that mimic Western diet: fat and
protein come from animal sources, lard and casein, respectively. A low-fat and same
protein content diet was the control diet as described: Bio Serv® #F4031, protein 20.5%,
fat 7.2%, carbohydrate 35.7%, total saturated fatty acids 27 g/kg, total unsaturated fatty
acids 39.8 g/kg, total caloric 3.93 kcal/g. The high-fat diet content as described: Bio Serv®
#F3282, protein 20.5%, fat 36.0%, carbohydrate 61.6%, total saturated fatty acids 141 g/kg,
total unsaturated fatty acids 202.2 g/kg, total caloric 5.49 kcal/g. Detailed ingredient
contents of diet were shown in Table 2.2. LFD indicates low-fat diet, HFD indicates highfat diet.
Animal diets were kept at 4 ̊ C. Food was re-filled every other day for all the
animals, which keep the food fresh and available for the animals’ appetite. The drinking
bottles were changed weekly. Animal diets and water were checked daily, mice’s weight,
diarrhea, and hemoccult (fecal blood) were monitored twice a week. Food and drink
consumption were monitored twice a week, fecal samples were collected once a month.
Animal weight loss, diarrhea, hemoccult indicate the disease condition in the intestinal
tract. For example, hemoccult and anemia suggesting pathological problems in the mucosa,
which may reflect early age of onset, with carcinogenesis potentially starting in the mucosa.
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Table 2.1 Experiment groups of LFD/HFD.
Mice
A/J
A/J

Diet
LFD
HFD

Sex
Female
Female

n
10
13

Endpoint
11-month old
11-month old

Table 2.2 Ingredient contents of LFD/HFD.
Diet
Kcal/g
Fat %
kcal from proteins (%)
kcal from carbohydrates (%)
kcal from fat (%)
l-Cysteine (g/kg)
Cellulose %
Calcium (g/kg)
Folic acid (mg/kg)
Vitamin D (IU/kg)
Fat %
Phosphorus
Choline %
Methione %
Casein %

LFD
3.93
7.2
21

HFD
5.49
36
15

62.6
16.3
0.6
0
5.6
0.75
1000
7.2
5.8
1.01
0.71
20.5

26
59
0.6
0
5.6
0.75
1000
36
5.8
1.15
0.71
20.5

2.2.2 Tissue Examination
Mice were anesthetized via inhalational isoflurane at 3% for about 5 mins. Mice
were weighed, then performed the retro-orbital blood collection, and after whole blood
collection, mice were sacrificed by cervical dislocation. Immediately after sacrifice,
individual segments of the colon from cecum to anus were removed, gently flushed with
ice-cold phosphate-buffered saline (PBS) to remove fecal content, colon length was
measured. Then the colon was longitudinally opened and examined for abnormality, such
as polyps counting, and photographed. Finally, performed the swiss roll technique and
preserved the colon tissue roll in 10% neutral buffered formalin for 20 h fixation, then
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performed further histological analysis. Liver and kidneys were removed, weighed, with
half of each tissue samples immediately frozen in -80 ̊ C for further analysis, while the rest
of the organ tissues were preserved in 10% neutral buffered formalin for different time
scales for further analysis. The liver weight, spleen weight, kidneys weight, final body
weight, polyps’ incidences and multiplicities, sizes of polyps, length of large bowel were
analyzed by Student's t-test.
2.2.3 Polyps and Foci Counting
Colon polyps were counted and determined by different histological grades
(assessed by our expert pathologist, Dr. Ioulia Chatzistamou) as following: Grade 1 for
adenoma, represents aberrant crypt foci; Grade 2 for adenoma up to moderate dysplasia;
Grade 3 for adenoma with high-grade dysplasia; and Grade 4 for intramucosal carcinoma.
Polyps’ sizes were measured by using French Catheter Scale, diameter 1mm, 1.35mm,
1.67mm, 2.0mm, and above. Gross specimens were examined under naked eyes or a
dissecting microscope. The number and location of polyps in the GI tract were recorded
and imaged.
After all the necessary observations were made, the colon was swiss rolled and
fixed with 10% neutral buffered formalin for 20 hours and embedded in paraffin. Tissue
sections were prepared and stained with hematoxylin and eosin (H&E) for histological
examination. A/J mice had a significantly greater number of large aberrant crypt foci
(ACF) (Papanikolaou, Wang, Delker, & Rosenberg, 1998). Microscopic foci counting
under a light microscope as following: Foci were recorded less than 1.0 mm diameter and
over 1.0 mm diameter at the length of 2.2 cm region from anus end of the mice colon.

20

Macroscopic gross count for polyps or nodular lymphoid hyperplasia (Albuquerque, 2014),
size larger than 1.0 mm in diameter were recorded.
2.2.4 Histological/pathology Analysis
H&E staining of the large intestine from cecum to rectum for all groups were
performed. H&E staining, hematoxylin stains cell nuclei blue, while eosin stains cytoplasm
and connective tissue pink. Immunohistochemical staining was performed on 5-µm frozen
sections, followed by bright field microscopy image analysis and scored for inflammation
by Dr. Ioulia Chatzistamou in a blind fashion, as a product of multiplication for each of the
three histological features by the percent area of involvement. Inflammation severity was
scored as following: 0 for none, 1 for minimal, 2 for moderate, and 3 for severe;
inflammation extent as following: 0 for none, 1 for mucosa, 2 for mucosa and submucosa,
and 3 for transmural; crypt damage as following: 0 for none, 1 for one-third of crypt
damaged, 2 for two-thirds of crypt damaged, 3 for crypt loss and surface epithelium intact,
4 for crypt loss and surface epithelium loss. Percent area involvement was scored as
following: 0 for 0%, 1 for 1-25%, 2 for 26-50%, 3 for 51-75%, and 4 for 76-100%.
Inflammation is characterized by an infiltration of the lamina propria with lymphocytes.
The inflammation may become transmural. Neutrophilic infiltration, Paneth cell
hyperplasia, perturbed crypt-villus architecture, and ulceration are evident in the earlier
lesions were checked as well.
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Table 2.3 Histologic scoring system. Source from (Picarella et al., 1997) and Ioulia
Chatzistamou, M.D.
Score
Severity
Epithelium
0
Normal

Criteria
0-2 Leukocytes/HPF, normal mature goblet cells

1

Mild

3-10 Leukocytes/HPF, increased mitotic figures and
immature crypt enterocytes
2
Moderate 10+ Leukocytes/HPF, rare crypt abscesses
3
Severe
10+ Leukocytes/HPF, fusion of crypts, multiple crypt
abscesses and/or mucosal ulceration
Lamina propria/Submucosa
0
Normal
Widely scattered leukocytes
1

Mild

Focal aggregates of leukocytes without expansion of lamina
propria

2

Moderate

3

Severe

Diffuse leukocyte infiltration with expansion of the lamina,
and/or focal bridging of the basement membrane
Diffuse leukocyte infiltration with extensive bridging of the
basement membrane

Tunica muscularis
0
1
2
3
Ulceration/Atypia
0
7

Widely scattered leukocytes
Widely scattered leukocytes aggregate between muscle
layers
Leukocyte infiltration with focal effacement of the
muscularis
Extensive leukocyte infiltration with transmural effacement
of the muscularis
Absence
Severe damage

2.2.5 Microbiome Analysis
Mice fecal samples were freshly collected at 1 month old, 7 months old, and 11
months old. During fecal sample collection, mice were put in an empty 1000 µL tip box,
which have been punched multiple holes to keep the airflow. After approximately twenty
minutes, mice produced enough fecal drops in the box, then collected fecal samples in a

22

clean 1.5 mL microcentrifuge tube. Mice were released in their cage. Fecal samples were
freshly frozen in -80 ̊ C for further microbiome analysis.
DNA extraction was performed using the Eppedorf EpMotion liquid handling
system and following the Qiagen MagAttract PowerMicrobiome kit (previously MoBio
PowerMag Microbiome) protocol. The eluted DNA was divided into 2 plates (green and
clear plate). The green plates were used to prepare 16S libraries. After extraction, samples
(1 µL of template) were quantified using the Quant-iT PicoGreen dsDNA Assay kit (cat#:
P7589). The V4 region of the 16s rRNA gene was amplified from each sample using the
Dual indexing sequencing strategy developed by Dr. Patrick D. Schloss (University of
Michigan). Sequencing was done on the Illumina MiSeq platform, using a MiSeq Reagent
Kit V2 500 cycles (Illumina cat# MS102-2003), according to the manufacturer’s
instructions with modifications found in the Schloss SOP. Accuprime High Fidelity Taq
(Life Technologies cat # 12346094) was used instead of Accuprime Pfx supermix. PCR
was performed using the following conditions (Standard or Touch Down) shown below. If
additional template was used the water volume is changed accordingly.
Table 2.4 PCR protocol formula.
Temp
(̊ C)
95
95
Cycles 60

Time

Cycles

2 mins
20 s
15 s

1x

72

5 mins

20 s
30x
15 s
5 mins
10
1x
mins
forever

95
55
72
72

20 s
15 s
5 mins
10
mins
forever

1x
20 x
(Temp
Master Mix
decreases
0.3)
10x PCR
buffer
20 x
H2O
Polymerase
DNA
1x
Primer (4 µM)

Standard PCR
Temp Time
(̊ C)
95
2 mins
95
55
72
72
4

4

Total volume
23

1x
reaction
2 µL
11.85µL
0.15 µL
1 µL
5 µL
20 µL

PCR products were visualized using an E-Gel 96 with SYBR Safe DNA Gel Stain,
2% (Life technologies cat# G7208-02). Libraries were normalized using SequalPrep
Normalization Plate Kit (Life technologies cat # A10510-01) following the manufacturer’s
protocol for sequential elution. The concentration of the pooled samples was determined
using Kapa Biosystems Library Quantification kit for Illumina platforms (KapaBiosystems
KK4824). The sizes of the amplicons in the library was determined using the Agilent
Bioanalyzer High Sensitivity DNA analysis kit (cat# 5067-4626). The final library
consisted of equal molar amounts from each of the plates, normalized to the pooled plate
at the lowest concentration.

Figure 2.1 Primary PCR Imagine.
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Library Preparation for Sequencing and Sequencing Libraries were prepared
according to Illumina’s protocol for Preparing Libraries for Sequencing on the MiSeq
(part# 15039740 Rev. D) for 2 nM or 4 nM libraries. If the library concentration was below
1 nM, an alternative method was used for denaturation. The components of the final load
are listed below: PhiX and genomes were added in 16s amplicon sequencing to create
diversity; sequencing reagents were prepared according to the Schloss SOP, custom read
1, read 2 and index primers were added to the reagent cartridge; FASTQ files were
generated for paired end reads.
The mock community was used by commercially produced ZymoBIOMICS
Microbial Community DNA Standard (Zymo Research cat# D6306), which is a mixture of
genomic DNA extracted from pure cultures of eight bacterial and two fungal strains. This
mock community was used for error analysis.
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Figure 2.2 (a)

Figure 2.2 (b)

Figure 2.2 Bioanalyzer Results. (a) Overall results of bioanalyzer. (b) Peak table of
bioanalyzer.
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Table 2.5 MiSeq Summary Results.
MiSeq Summary Results
PI
Lorne J. Hofseth
Reference Id:
Expt Name MiSeq_M02127_2020_Run438_
Zhang EOCRC
Workflow GenerateFASTQ
Sample
Schloss
MiSeq Control
Prep Kit
Software
Version
Description 16S amplicon
Sample Sheet
Cycles/ 500V2
Chemistry
Date
2/10/2020
Started
Date
2/12/2020
Completed

Sub nmol
protocol
Illumina Error
Illumina Kit

EOCRC

2.6.2.1

MS9561069500V2
No
No
2x250 Full

Basic Metrics
Cluster
Density
Cluster
Passing
Filter
Aligned
Error rate
Total
Reads
PF (Pass
Filter)
Reads
% Reads
IDs
CV
Min

732

%Q > 30

92.22

Read 1

92.84%

12.41%
1.12%
31,462,394

Read 2 (I)
Read 3 (I)
Read 4

77.06%
88.45%
85.48%

29,010,862

Yield (Gbp)

7.46

5.5
15

Max

1.2827

Library (pM)
PhiX spike-in*
(%)
Genome spikein* (%)

81.11
0.2626
0.0057
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Table 2.6 Microbial Analysis, Index QC.
Sample
ID

Index 1 (I7)

Index 2 (I5)

L11
L12
L13
L14
L15
L16
L61
L62
L63
L64
L65
L66
LR61
LR62
LR63
LR64
LR65
LR1
LR2
LR3
LR4
LR5
HS2x61
HS2x1
H61
H62
H63
H64
H65
H1
H2
H3
H4
H5
HS2x62

CTCGACTT
CGAAGTAT
TAGCAGCT
TCTCTATG
GATCTACG
GTAACGAG
ACGTGCGC
ATAGTACC
GCGTATAC
TGCTCGTA
AACGCTGA
CGTAGCGA
CTCGACTT
CGAAGTAT
TAGCAGCT
TCTCTATG
GATCTACG
GTAACGAG
ACGTGCGC
ATAGTACC
GCGTATAC
TGCTCGTA
AACGCTGA
CGTAGCGA
CTCGACTT
CGAAGTAT
TAGCAGCT
TCTCTATG
GATCTACG
GTAACGAG
ACGTGCGC
ATAGTACC
GCGTATAC
TGCTCGTA
AACGCTGA

ATCGTACG
ATCGTACG
ATCGTACG
ATCGTACG
ATCGTACG
ATCGTACG
ATCGTACG
ATCGTACG
ATCGTACG
ATCGTACG
ATCGTACG
ATCGTACG
ACTATCTG
ACTATCTG
ACTATCTG
ACTATCTG
ACTATCTG
ACTATCTG
ACTATCTG
ACTATCTG
ACTATCTG
ACTATCTG
ACTATCTG
ACTATCTG
TAGCGAGT
TAGCGAGT
TAGCGAGT
TAGCGAGT
TAGCGAGT
TAGCGAGT
TAGCGAGT
TAGCGAGT
TAGCGAGT
TAGCGAGT
TAGCGAGT

% Reads
Identified
(PF)
0.9153
0.8606
0.6271
0.4938
0.911
0.9546
0.8501
0.9235
0.7108
0.6734
0.6077
0.7796
1.0385
1.0667
0.7458
0.5981
0.9896
0.8177
0.7353
0.8486
0.8323
0.5414
0.5005
0.8789
1.1042
1.1227
0.8303
0.5375
1.2827
1.1209
1.0322
1.1005
1.0208
1.094
0.9296
28

Value

0.009153
0.008606
0.006271
0.004938
0.00911
0.009546
0.008501
0.009235
0.007108
0.006734
0.006077
0.007796
0.010385
0.010667
0.007458
0.005981
0.009896
0.008177
0.007353
0.008486
0.008323
0.005414
0.005005
0.008789
0.011042
0.011227
0.008303
0.005375
0.012827
0.011209
0.010322
0.011005
0.010208
0.01094
0.009296

Reads
PF/Sample
265536.4199
249667.4784
181927.1156
143255.6366
264288.9528
276937.6887
246621.3379
267915.3106
206209.2071
195359.1447
176299.0084
226168.6802
301277.8019
309458.865
216363.0088
173513.9656
287091.4904
237221.8186
213316.8683
246186.1749
241457.4044
157064.8069
145199.3643
254976.4661
320337.9382
325704.9477
240877.1872
155933.3833
372122.3269
325182.7522
299450.1176
319264.5363
296142.8793
317378.8303
269684.9732

HS2x2
HR61
HR62
HR63
HR64
HR65
HR1
HR2
HR3
HR4
HR5
HS2x63
HS2x3
LS61
LS62
LS63
LS64
LS65
LS1
LS2
LS3
LS4
LS5
HS2x64
HS2x4
HSR61
HSR62
HSR63
HSR64
HSR65
HSR1
HSR2
HSR3
HSR4
HSR5
HS2x65
HS2x5
HS61
HS62

CGTAGCGA
CTCGACTT
CGAAGTAT
TAGCAGCT
TCTCTATG
GATCTACG
GTAACGAG
ACGTGCGC
ATAGTACC
GCGTATAC
TGCTCGTA
AACGCTGA
CGTAGCGA
CTCGACTT
CGAAGTAT
TAGCAGCT
TCTCTATG
GATCTACG
GTAACGAG
ACGTGCGC
ATAGTACC
GCGTATAC
TGCTCGTA
AACGCTGA
CGTAGCGA
CTCGACTT
CGAAGTAT
TAGCAGCT
TCTCTATG
GATCTACG
GTAACGAG
ACGTGCGC
ATAGTACC
GCGTATAC
TGCTCGTA
AACGCTGA
CGTAGCGA
CTCGACTT
CGAAGTAT

TAGCGAGT
CTGCGTGT
CTGCGTGT
CTGCGTGT
CTGCGTGT
CTGCGTGT
CTGCGTGT
CTGCGTGT
CTGCGTGT
CTGCGTGT
CTGCGTGT
CTGCGTGT
CTGCGTGT
TCATCGAG
TCATCGAG
TCATCGAG
TCATCGAG
TCATCGAG
TCATCGAG
TCATCGAG
TCATCGAG
TCATCGAG
TCATCGAG
TCATCGAG
TCATCGAG
CGTGAGTG
CGTGAGTG
CGTGAGTG
CGTGAGTG
CGTGAGTG
CGTGAGTG
CGTGAGTG
CGTGAGTG
CGTGAGTG
CGTGAGTG
CGTGAGTG
CGTGAGTG
GGATATCT
GGATATCT

0.9738
0.9414
0.8827
0.6568
0.5468
0.8088
0.5929
0.674
0.736
0.4917
0.8128
0.7655
0.8125
1.0036
0.9461
0.8526
0.6024
1.2302
0.6951
0.7486
0.9283
0.6044
0.9412
0.8307
0.807
0.9391
1.1078
0.7906
0.5142
1.084
0.9598
0.8983
1.1259
0.9766
0.9892
1.0558
0.9461
0.9869
1.121
29

0.009738
0.009414
0.008827
0.006568
0.005468
0.008088
0.005929
0.00674
0.00736
0.004917
0.008128
0.007655
0.008125
0.010036
0.009461
0.008526
0.006024
0.012302
0.006951
0.007486
0.009283
0.006044
0.009412
0.008307
0.00807
0.009391
0.011078
0.007906
0.005142
0.01084
0.009598
0.008983
0.011259
0.009766
0.009892
0.010558
0.009461
0.009869
0.01121

282507.7742
273108.2549
256078.8789
190543.3416
158631.3934
234639.8519
172005.4008
195533.2099
213519.9443
142646.4085
235800.2863
222078.1486
235713.2538
291153.011
274471.7654
247346.6094
174761.4327
356891.6243
201654.5018
217175.3129
269307.8319
175341.6499
273050.2331
240993.2306
234117.6563
272441.005
321382.3292
229359.875
149173.8524
314477.7441
278446.2535
260604.5733
326633.2953
283320.0783
286975.4469
306296.681
274471.7654
286308.1971
325211.763

HS63
HS64
HS65
HS1
HS2
HS3
HS4
HS5
LSR5
Ext_
Control

TAGCAGCT
TCTCTATG
GATCTACG
GTAACGAG
ACGTGCGC
ATAGTACC
GCGTATAC
TGCTCGTA
AACGCTGA
CGTAGCGA

GGATATCT
GGATATCT
GGATATCT
GGATATCT
GGATATCT
GGATATCT
GGATATCT
GGATATCT
GGATATCT
GGATATCT

0.7976
0.5667
1.1793
1.0736
0.8502
0.9703
0.9672
1.0113
0.9715
0.0091

0.007976
0.005667
0.011793
0.010736
0.008502
0.009703
0.009672
0.010113
0.009715
0.000091

231390.6353
164404.555
342125.0956
311460.6144
246650.3487
281492.394
280593.0573
293386.8474
281840.5243
2639.988442

LSR61
LSR62
LSR63
LSR64
LSR65
LSR1
LSR2
LSR3
LSR4
Blank_
H10
Zymo_
Pos_
Control
Water_
Neg_
Control
PF Reads

CTCGACTT
CGAAGTAT
TAGCAGCT
TCTCTATG
GATCTACG
GTAACGAG
ACGTGCGC
ATAGTACC
GCGTATAC
TGCTCGTA

GACACCGT
GACACCGT
GACACCGT
GACACCGT
GACACCGT
GACACCGT
GACACCGT
GACACCGT
GACACCGT
GACACCGT

0.9379
1.0068
0.7383
0.5761
0.9816
0.8595
0.8756
1.0548
0.8849
0.5734

0.009379
0.010068
0.007383
0.005761
0.009816
0.008595
0.008756
0.010548
0.008849
0.005734

272092.8747
292081.3586
214187.1941
167131.576
284770.6214
249348.3589
254019.1077
306006.5724
256717.1178
166348.2827

AACGCTGA

GACACCGT

0.7571

0.007571

219641.2362

CGTAGCGA

GACACCGT

0.0057

0.000057

1653.619134

29,010,862

%
Reads CV
Identified
81
0.2626

Min

Max

0.0057

1.2827
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2.2.6 Colonic Organoids
Colorectal cancer organoids have been successfully propagated for decades
(Crosnier, Stamataki, & Lewis, 2006; H. Xu et al., 2018). The epithelial barrier is a thin
layer of cells and renewed about every four to five days. The constant renewals of the
epithelial barrier are achieved by a cluster of multipotent stem cells that reside at the crypt
base. Damage or diseases induced repairing, re-establish epithelial homeostasis (Clevers,
Loh, & Nusse, 2014; Sato et al., 2009). Our understanding of molecular and cellular
mechanisms mediating repair could be revealed by the organoids study in vitro.
Large intestinal organoids developed from experimental mice crypts were studied.
Our understanding of molecular and cellular mechanisms by which mediate stem cells
microenvironment and mutation via applying different niche factors media components.
Such as genes in the Wnt signaling pathway, which are inducing regulation of genomic
stability, and contribute to the disruption of homeostasis in complex and balanced tissue.
The mouse colon was opened lengthwise and was cut into 2-4 cm pieces, placed in
a 50 mL falcon tube filled with ice-cold 1X RPMI 1640 (Gibco) buffer. The tissue was
transferred into another 50 mL falcon tube filled with 20 mL ice-cold DPBS (Gibco) for
cleaning. Tubes were inverted gently four times, the tissues trasferred to sterile 50 mL
falcon tube filled with dissociation 30 mM EDTA, 1.5 mM DTT, diluted into 1X DPBS
and incubated on ice for 20 minutes. Then, tissues were placed into a pre-warmed (37°C)
dissociation 30 mM EDTA, diluted into 1X DPBS and incubated at 37°C for 10 minutes,
and shaked vigorously for 30 seconds to detach the epithelium from the basement
membrane. Suspended cells were transferred into a sterile 15 mL conical tubes and pelleted
by centrifugation at 500 g for 10 minutes at 4 °C. Supernatant was decanted, and repeat
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wash/resuspend pellets two times and centrifuge the colonic cells/crypts at 500 g for 5
mins. Crypts from mice large intestines were dissociated, and crypts were observed under
the microscope and the final pellet was plated into matrigel. The minimum amount of
matrigel used as 50/50 ratio of the pellet size, with 75 µL/well in a 12-well plate. 75 µL of
organoids/matrigel were placed in the center of each well forming a dome. We maintained
the plate in the 37°C incubator until the matrigel solidified. Then, we added 1 mL of
WENRAS media with ROCK and GSK inhibitors in each well. We adjusted media as
needed, such as WENRAS+ nutlin, and survived clones are p53 mutants; ENRAS are the
medium taken out the Wnt-3a, then survived clones are Apc mutants. Media was changed
every other day. Organoids were checked under microscope with 40X magnification-count
organoids as needed. Quatification organioids derived from different culture envioenment
as needed. Organoids derived from colonic crypts retain their physiological functions
(Clevers et al., 2014; Yui et al., 2012), which is a great tool to study microenvironment
changes in the mice colon. Detailed growth factors and inhibitors’ function were shown in
Table 2.7, and growth media formula of colonic organoids culture were shown in Table
2.8.
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Table 2.7 Growth factors and small molecule inhibitors’ function.
Growth Factors
EGF

Function
◆ Binds to EGF receptors, induces hyperplasic changes.
◆ Promotes tumor growth through stimulating the proliferation
of cancer cells.

Wnt

◆ A master regulator in regulation of cell development,
proliferation, differentiation, adhesion, and polarity.
◆ The aberrant activation of Wnt signaling promotes
carcinogenesis and progression of cancers.

Noggin

◆ An inhibitor of bone morphogenetic proteins that modulates
cellular differentiation, proliferation, and apoptosis.
◆ Noggin promotes bone metastasis of some cancers and is
associated with tumorigenesis of primary bone malignancies.

R-spondin-1

◆ The ligand of Lgr5 and a niche factor that is required for the
self-renewal of stem cells and activates Wnt signaling.
◆ Facilitates the growth and metastasis of cancer cells.

Gastrin

◆ Stimulates tumor growth through promoting the proliferation
and suppressing the apoptosis of cancer cells.

Nicotinamide

◆ Vitamin PP is a nutrient that is required for long-term culture
of organoids.

Molecule
Inhibitors
Y27632

Function

A-83-01

◆ A transforming growth factor-beta inhibitor.
◆ Suppresses the proliferation of organoids.
◆ It is a p38 inhibitor and suppresses the proliferation and
migration of cancer cells.
◆ High concentration of SB202190 contributes to relatively
lower efficiency of the establishment of breast tumoroids.

SB202190

◆ A Rho kinase inhibitor that effectively reduces the anoikis of
dissociated stem cells.
◆ Improves culture media and promotes proliferation of tumor
epithelial cells for long-term in vitro.
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Table 2.8 Growth media formula of organoids culture. Add Y-27632 to the media on the
second day after passaging.
Medium
Component
Advanced
DMEM/F12
Human
Wnt-3a
Human
R-spondin I

Vendor

Cat. No

Invitrogen

12634-034

R&D
R&D

Murine Noggin Peprotech
GlutaMax
100x
Hepes
Penicillin/
Streptomycin
Nicotinamide
N2 supplement
B27
supplement
Primocin
NAcetylcysteine
[Leu-5]
Gastrin
EGF
A83-01
SB202190
Y-27632

Solvent

5036-WN500
4645RS/CF
250-38100ug

ENRAS
Final Conc.

WENRAS
Final Conc.

1x

1x
100 ng/ml

PBS
PBS/BSA

1 ug/mL

1 ug/ml

PBS/BSA

100 ng/mL

100 ng/ml

Invitrogen

12634-034

1x

1x

Invitrogen

15630-056

Invitrogen

15140-122

Sigma
Gibco

N0636
17502048

10 mM
100 U/mL/
100 mg/mL
10 mM
1x

10 mM
100 U/mL/
100 mg/mL
10 mM
1x

Gibco

17504044

1x

1x

Invivogen

Ant-pm-1

50 mg/mL

50 mg/mL

Sigma

A9165-5g

DI H2O

1.25 mM

1.25 mM

Sigma

G9145

PBS/BSA

10 nM

10 nM

Peprotech
Tocris
Selleckchem

AF-100-15
2939
S1077

PBS/BSA
DMSO
DMSO

50 ng/mL
500 nM
10 uM

50 ng/mL
500 nM
10 uM

Selleckchem

S1049

DMSO

10 uM

10 uM

34

DI H2O

Figure 2.3 Colonic organoid culture workflow (Fujii, Clevers, & Sato, 2019).

2.2.7 Power Analysis
G*Power 3.1 statistical software was used, sample size was estimated based on
80%, Type 1 error is 0.05, statistical power for 3R (replacement, reduction, and refinement)
priority. The number of mice per group was based the numbers in each group of the effect
size among two groups being at least 2.0. With these assumptions, five mice per group will
provide 80% power to detect the difference between the two groups based on a two-sided
two-sample, t-test with a significant level of 5% (Festing & Altman, 2002; Kilkenny et al.,
2009; Richter, Muche, & Mayer, 2018). Expected attrition or death of animals, ten to
fourteen mice per group were prepared.
2.2.8 Statistical Analysis
Polyps incidence examined by using Fisher’s exact test, which is equivalent to a
test for binomial proportions. Data for each group were presented as mean with standard
deviation. Multiple comparisons between the groups conducted by one-way analyses of
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variance (ANOVAs), followed by Newman-Keuls' post hoc tests. Between two groups
timelines data compared by multiple t tests. The p-value chosen for significance is 0.05.
When means have been compared statistically, error bars are shown on graphs or in tables
as standard deviations (Festing & Altman, 2002; Program, 2011) All statistical analyses
were performed in GraphPad PRISM 8.0 (GraphPad Software, San Diego, CA).
2.3 Results
We compared energy intake between HFD and LFD animals. The HFD animals’
caloric intake mean value was 10.29 Kcal/mouse/day; LFD animals’ caloric intake mean
value was 8.88 Kcal/mouse/day (Figure 2.4 b). Of note, the significant weight difference
between two groups (Figure 2.4 c), may result in lipid/glucose metabolic pathway changes.
We compared foci under a light microscope for consumed LFD and HFD mice
colon, consumed HFD mice colon showed moderate foci, while consumed LFD animal
colon quite smooth and normal crypts from bird view (Figure 2.5 a). We compared H&E
staining slices that consumed HFD animal colon showed infiltrated immune cells and
aberrant crypts, result in changes of colonic cell and crypt morphology, and it appeared to
affect mainly the distal colon (Figure 2.5 a). We observed polyps and severe inflammation
on mice colons that they consumed the HFD (Figure 2.5b). Colon histology scores are
based on inflammation, mucosal infiltration, lymphocyte aggregates, and ulceration.
Significant differences were shown in colon histology scores between mice consuming an
LFD vs. HFD (Figure 2.4 d). In comparing the proximal colon to the distal colon,
consuming the HFD had a significant higher distal colon polyps’ burden (Figure 2.5 d and
2.5 e).
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Microbiome analysis is an exciting area in colorectal cancer research, integrating
microbiology and microbial ecology with tumor biology. This will lead us towards an
increased understanding of the driving forces of CRC, as well as novel microbiome-related
diagnostic tools and therapeutic interventions. Fecal samples were collected and
immediately stored at – 80 °C. Microbial DNA extracted from the fecal samples for 16S
ribosomal RNA gene sequencing and metabolomics analysis. The 16S rRNA gene
sequences can be exploited with polymerase chain reaction (PCR) and metagenomics
sequencing to characterize the microbial strains (Rinninella et al., 2019). An HFD
decreased phylogenetic alpha diversity in Shannon vector and evenness vector, which
indicate lower diversity of microbial communities, and a less healthy microbial
environment (Figure 2.7 a, b). Figure 2.7 c showed phylogenetic beta diversity, principal
component analysis (PCA) plot of fecal microbiota, unweighted plots separated in different
distance clusters. Microbial hierarchy level from top to bottom are the following: phylum,
class, order, family, genus, and species. We compared the phyla level of operational
taxonomic unit (OUT) in y-axis, an HFD causes metabolic changes and gut dysbiosis, in
the form of increased Firmicutes/Bacteroidetes ratio. We also observed that decreased
Akkermansia genera in the HFD animal samples, which suggesting the metabolic syndrome
and intestinal inflammation. Interestingly, the most increased genera Allobaculum, is a
CRC biological marker (Figure 2.9). Mice consuming the HFD had lower hemoglobin in
their system, which may relate to lower iron absorption in the colon by microbes (Figure
2.6 b).
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Figure 2.4 (a)

Figure 2.4 (b)

Figure 2.4 (c)

Figure 2.4 (d)

Figure 2.4 Observation of LFD and HFD fed mice.
(a) Daily food intake was monitored for mice whose body weight were between 15 g and
22 g.
(b) Daily caloric intake was compared for mice whose body weight were between 15 g and
22 g.
(c) Mice body weight were compared. Grouped multiple t-test. Significant, *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.
(d) Histology scores of LFD or HFD fed mice colon were scored on H&E staining colon
tissue slice. Significant, *p<0.05.
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Figure 2.5 (a)

Figure 2.5 (b)

Figure 2.5 (d)

Figure 2.5 (c)

Figure 2.5 (e)

Figure 2.5 Clinical observation of LFD and HFD fed mice.
(a) Colon tissue foci were examined under a light microscope with magnification 40x,
H&E staining slices were examined under a light microscope with magnification 200x
and 40x, respectively.
(b) Mouse consumed HFD, whose anus appeared swelling, trauma, and inflammation.
(c) Gross observation of LFD fed and HFD fed mice colon, from top to bottom is the cecum
to anus end. The HFD fed mouse colon showed visible polyps and inflammation at the
anus.
(d) HFD increased proximal polyps’ burden than LFD, however, there is no significant
difference.
(e) HFD increased distal polyps’ burden than LFD, and average about 4.
Significant, * p<0.05.
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Figure 2.6 (a)

Figure 2.6 (b)

Figure 2.6 Clinical observation for LFD and HFD fed mice.
(a) Gross observation of mice liver, spleen, and kidneys.
(b) Hemoglobin was tested in mice peripheral blood, who consumed LFD and HFD.
Significant, *p < 0.05.

Table 2.9 Necropsy measurement of LFD and HFD groups.
Data have shown in geometric mean ± standard deviation (SD).

Weight (g)
Mice Sex n Diet Body
Liver
Kidneys
Spleen
A/J
F
10 LFD 27.07±3.69 1.38±0.12 0.35±0.03 0.09±0.06
A/J
F
13 HFD 37.03±4.24 1.54±0.25 0.35±0.04 0.09±0.04
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Length of
colon (cm)
9.26±0.60
8.70±0.82

Figure 2.7 (a)

Figure 2.7 (b)

Figure 2.7 (c)

Figure 2.7 Microbial communities’ analysis.
(a) Phylogenetic based alpha diversity-the Shannon index. Lower Shannon vectors indicate
the lower diversity of the microbial communities. LFD mice had the highest diversity
than the other two groups. 1-month old mice majority microbial communities came
from the mother and less diverse and richness influenced by diet. Microbiota in young
mice tend to be less diverse than that of older mice (Lundberg, Bahl, Licht, Toft, &
Hansen, 2017; McCafferty et al., 2013). Significant, *p < 0.05, **p < 0.01, ***p <
0.001.
(b) Alpha diversity-the evenness was compared in three groups. The LFD group had the
highest richness and evenness than the other two groups, indicating LFD fed mice
microbiome community has a small disparity between the number of individuals within
each species. Significant, *p < 0.05, **p < 0.01, ***p < 0.001.
(c) Phylogenetic based beta diversity-principal component analysis (PCA) plot of fecal
microbiota was examined. Plots based on unweighted UniFrac distance matrices of
microbial communities in fecal samples, three separated clusters were displayed. PC1
(x‐axis) explained 49.41%, PC2 (y‐axis) explained 11.78 % of variability, PC3 (z‐axis)
explained 8.73 % of the variability.
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Figure 2.8 (a)

Figure 2.8 (b)
LH 11 months

1 month
low-fat 11 months
high-fat 11 months
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Figure 2.8 Microbial communities’ analysis.
(a) Phyla level of operational taxonomic unit (OUT) was compared. HFD 11 months old
mice microbiota significantly increased in Actinobacteria and Firmicutes; decreased in
Bacteroidetes and Verrucomicrobia. These results confirmed the results in IBS patients’
microbial communities (Krogius-Kurikka et al., 2009). A high relative abundance of
Firmicutes indicates the development of a dysbiosis microbiota in animals (Asquith et al.,
2016). Firmicutes was significantly increased in CRC patient samples (J. Yang et al.,
2019). Actinobacteridae increased in human colorectal cancer patients microbiome
(Marchesi et al., 2011). Bacteroidetes contribute to short chain fatty acids production
(Ridaura et al., 2013), while it depleted on HFD mice’s microbiota.
Significant, *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001.
(b) Family level of operational taxonomic unit (OUT) was compared. The HFD mice
samples increased in Bifidobacteriaceae, Lactobacillaceae; decreased in Bacteroidales
family level in S24-7, Clostridiales family level in lachnospiraceae, Ruminococcaceae
and one undefined f_. Significant, *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001.
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Figure 2.9
Bifidobacteriaceae;g__Bifidobacterium
Coriobacteriaceae;g__Adlercreutzia
S24-7;g__
Enterococcaceae;g__Enterococcus
Lactobacillaceae;g__Lactobacillus
Turicibacteraceae;g__Turicibacter
Clostridiales;__;__
Clostridiales;f__;g__
Clostridiaceae;__
Clostridiaceae;g__Clostridium
Dehalobacteriaceae;g__Dehalobacterium
Lachnospiraceae;__
Lachnospiraceae;g__
Lachnospiraceae;g__Blautia
Lachnospiraceae;g__Coprococcus
Lachnospiraceae;g__Dorea
Lachnospiraceae;g__[Ruminococcus]
Peptostreptococcaceae;__
Peptostreptococcaceae;g__
Ruminococcaceae;__
Ruminococcaceae;g__
Ruminococcaceae;g__Anaerotruncus
Ruminococcaceae;g__Butyricicoccus
Ruminococcaceae;g__Clostridium
Ruminococcaceae;g__Oscillospira
Ruminococcaceae;g__Ruminococcus
[Mogibacteriaceae];g__
Erysipelotrichaceae;g__Allobaculum
Erysipelotrichaceae;g__Clostridium
Erysipelotrichaceae;g__Coprobacillus
Enterobacteriaceae;__
Verrucomicrobiaceae;g__Akkermansia

Figure 2.9 Microbial communities’ analysis.
Heatmap plots of 11 months mice fecal samples showed the gut microbiota composition
between samples at the genus level. Relative abundances of individual taxa (rows) in each
sample (columns) are indicated in the associated color scale.
Increased Bifidobacteriaceae;g__Bifidobacterium, Lactobacillaceae;g__Lactobacillus,
the most increasing genus in Erysipelotrichaceae;g_Allobaculum.
Erysipelotrichaceae response to a high-fat diet (Conterno, Fava, Viola, & Tuohy, 2011;
Spor, Koren, & Ley, 2011; Turnbaugh, Backhed, Fulton, & Gordon, 2008) and genus level
significantly increased in Allobaculum, it is one of CRC biological marker. Decreased
beneficial family level S24-7in HFD group, S24-7 has the ability of protection for the
oxidative stress. Verrucomicrobiaceae phylum contributes glucose metabolism, decreased
Akkermansia related to metabolic syndrome and intestinal inflammation (Anhe, Roy, et al.,
2015; Anhe, Varin, et al., 2015). Enterococcus is an important probiotic genus, with antiinflammatory potential (de Almeida, Taddei, & Amedei, 2018), it decreased in HFD group.
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2.4 Discussion
Our results showed that the HFD causes metabolic changes. Animals consuming
the HFD had higher bodyfat and higher blood lipid levels than LFD animals, which is
associated with diet and microbiome (Granado-Serrano et al., 2019). Other studies
demonstrated that people with low microbial richness have more systemic inflammation,
adiposity, and dyslipidemia (Le Chatelier et al., 2013). An HFD significantly increased
body weight, histology scores, and inflammation in mice colon and rectal colon. As well,
the HFD caused a decrease in mucus layer thickness in the colon.
Anemia is one of the most common complication of inflammatory bowel diseases
(IBD), and majority patients are young adults. Anemia affects up to 74 % of IBD patients,
including Crohn’s disease and ulcerative colitis (Kulnigg & Gasche, 2006; J. Martin,
Radeke, Dignass, & Stein, 2017; Stein, Aksan, Farrag, Dignass, & Radeke, 2017;
Tulewicz-Marti, Moniuszko, & Rydzewska, 2017; Wilson, Reyes, & Ofman, 2004). The
hemoglobin level is one indicator for defining anemia, and anemia is a marker of diseases
activity. Here, mice consuming an HFD, had significantly lower hemoglobin level,
although the fecal occult blood testing were negative, which might related to low iron
absorption in the intestine, which might also confirm inflammation in their intestine
(Gomollon & Gisbert, 2009; Vayrynen et al., 2018).
The healthy gut microbiota is predominantly constituted by the phyla Firmicutes
and Bacteroidetes. Followed by the phyla Actinobacteria and Verrucomicrobia. A tenmonth HFD consumption decreased microbial diversity and evenness, the HFD elevated
harmful microbes and depleted beneficial microbes in mice colon, which resulted in
dysbiosis, and increased polyps’ burden in distal and rectal colon. The HFD reduced
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microbial diversity enhancing calorie harvesting is also supported by studies (Turnbaugh
et al., 2008; Turnbaugh & Gordon, 2009; Turnbaugh, Hamady, et al., 2009).
In HFD-fed mice, colons were infiltrated with immune cells and aberrant crypts,
resulting in a change in the muscular and submucosal morphology, which significantly
increases inflammation scores. The mucosa was thickened and hyperplastic compared with
normal mucosa. This change is mostly seen in the distal colon and rectum. Lymphoidassociated colorectal mucosa might be the origin of many non-protruding adenomas and,
consequently, non-protruding early colorectal carcinomas (Boivin et al., 2003).
The HFD significantly decreased Bacteroidetes phylum, and significantly
increased Firmicutes phylum – which is seen in patients with IBS and IBD (Gentile &
Weir, 2018; Hall et al., 2017; Rajilic-Stojanovic et al., 2015). The HFD also significantly
decreased Verrucomicrobia phylum, and causes gut dysbiosis, in the form of an increased
Firmicutes/Bacteroidetes ratio, and induced inflammation in the distal colon and rectum.
Interestedly, Verrucomicrobia – decreased in the HFD group correlates with glucose
metabolism, it affect metabolic syndrome in patients (Hills et al., 2019), in turn, it is the
potential

risk

for

the

EOCRC.

Overall,

the

most

increased

genus

is

Erysipelotrichaceae;g_Allobaculum. Erysipelotrichaceae is response to a high-fat diet
(Conterno et al., 2011; Spor et al., 2011; Turnbaugh et al., 2008), is a CRC biological
marker. Future studies will use germ-free mice to address whether these specific bacteria
drive CRC. In summary, we found that animal sources based HFD decreases microbial
diversity, decreases beneficial microbial communities’ richness; causes dysbiosis,
metabolic syndrome, and inflammation in distal colon and rectum, and induces CRC
biological marker in the microbiome.
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CHAPTER 3
PSYCHOLOGICAL STRESS INCREASES INFLAMMATION IN
DISTAL COLON AND RECTUM
3.1 Introduction
The global point prevalence rate for anxiety disorders is 7.3% (Chisholm et al.,
2016). Females experience 65% of severe cases, with most of these during a period of
reproductive age (15 - 34yrs) (Baxter, Vos, Scott, Ferrari, & Whiteford, 2014). It has long
been understood that perceived stress can drive the formation of ulcers (Levenstein,
Rosenstock, Jacobsen, & Jorgensen, 2015) and can trigger irritable bowel syndrome
(Chang, 2011). This fact indicates two things: (1) stress affects the GI tract, and (2) stress
drives inflammation and ulceration, both of which increase the risk for EOCRC (Dulai et
al., 2016; Karlitz et al., 2016; Stidham & Higgins, 2018).
3.1.1 Psychological Stress Targets Microbiota
The gut microbiota plays a crucial role in CRC development (Louis et al., 2014).
It also plays a fundamental role in postnatal development and maturation of immune and
endocrine systems that influence the central nervous system (CNS) programming and
signaling. Regulation of the bidirectional microbiome-brain-gut axis is essential for
maintaining homeostasis. There is expanding evidence that commensal organisms in the
gut play a critical role in early programming and maturation of the stress machinery. An
increasing body of research indicates that intestinal microbes affect brain function and
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neurogenesis, including sensitivity to stress (Huo et al., 2017). Alternatively, perceived
stress modulates the microbiota with racial differences in the response (Carson et al.,
2018b). In animal models, stress can cause the gut microbiota of lean mice to more closely
resemble that of obese mice (Bridgewater et al., 2017). Supporting this anxietymicrobiome link, diets containing probiotics and prebiotics attenuate anxiety-like behavior
and hippocampal-dependent stress-circuitry and learning (Matthews & Jenks, 2013;
McVey Neufeld et al., 2017; Taylor & Holscher, 2018). Stress in adults leads to numerous
cardiovascular and endocrine changes, including an increase in plasma adrenocorticotropic
hormone (ACTH), cortisol, β-endorphin, glucocorticoids, opioids, progesterone, and
catecholamines (Merlot et al., 2008).
3.1.2 Perceived Stress, Clock Genes, and CRC
Clock genes exert regulatory effects on epigenetic processes, such as histone
acetylation (Masri, Zocchi, Katada, Mora, & Sassone-Corsi, 2012; Sahar & Sassone-Corsi,
2013) that facilitate the circadian expression of approximately 5-10 % of the entire
mammalian transcriptome (Akhtar et al., 2002; Masri et al., 2012; Panda et al., 2002;
Schibler, 2007). The clock-controlled genes include known tumor suppressors, oncogenes,
and inflammation mediators (Labrecque & Cermakian, 2015; Masri, Kinouchi, & SassoneCorsi, 2015; Mazzoccoli, Vinciguerra, Papa, & Piepoli, 2014). PER1 and PER3 both
exhibit tumor suppressor properties. Their expression is reduced among adenomas or CRC
relative to adjacent healthy tissue (S. T. Chen et al., 2005; Karantanos et al., 2013;
Krugluger et al., 2007; Mostafaie et al., 2009; H. C. Shih et al., 2005; X. Wang et al., 2012).
In colon and other cancer cell lines, PER1 insertion can activate cell cycle checkpoint
proteins, sensitize cells to damage-induced apoptosis, and exert an antiproliferative effect
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(Gery et al., 2006). Aberrant methylation of PER genes has been observed among leukemia
and other cancer patients (S. T. Chen et al., 2005; Gery et al., 2007; Kuo et al., 2009; M.
C. Shih, Yeh, Tang, Chen, & Chang, 2006; M. Y. Yang et al., 2006). A hypomethylation
zone in the PER1 promoter has been associated with the uncoupling of PER1 transcription
from promoter methylation in cervical cancer cells (Hsu, Huang, Choo, & Huang, 2007).
PER3 deletion in human breast tumors predicts cancer recurrence and reduced survival
(Climent et al., 2010). In mice, Per3 deletion increases mammary tumor and hepatocellular
cancer susceptibility (Climent et al., 2010; Neumann et al., 2012).
Emerging evidence suggests that cancer risk among night workers may be mediated
by clock gene dysregulation. Night work has been associated with circadian misalignment
and sleep loss (J.B. Burch, Wirth, & Yang, 2013; J. B. Burch, Yost, Johnson, & Allen,
2005), inflammation (J.B. Burch et al., 2013; Puttonen, Viitasalo, & Harma, 2011;
Sookoian et al., 2007), and more recently with epigenetic alterations (Bhatti et al., 2014;
R. Liu et al., 2015; F. Shi et al., 2013; Y. Zhu et al., 2011), as well as increased CRC risk
(J.B. Burch et al., 2013; Parent, El-Zein, Rousseau, Pintos, & Siemiatycki, 2012;
Schernhammer et al., 2003; X. Wang et al., 2015). Global DNA hypomethylation has been
observed among the night worker’s white blood cells (WBC) DNA relative to those
working days (Bhatti et al., 2014). Among the results for clock genes, the largest
differences in hypomethylation have been shown within PER3 loci (Bhatti et al., 2014).
Global DNA hypomethylation is likely a key CRC risk driver. The observation that night
work is associated with both global DNA hypomethylation (Bhatti et al., 2014; R. Liu et
al., 2015; F. Shi et al., 2013; Y. Zhu et al., 2011) and with increased CRC risk (J.B. Burch
et al., 2013; Parent et al., 2012; Schernhammer et al., 2003; X. Wang et al., 2015) are vital
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evidence supporting our hypothesis. In turn, clock genes epigenetic processes may
influence adenoma formation and CRC risk in both the mother and her baby. Whether
clock genes disruption plays a role in EOCRC remains to be shown.
Many genes induced by stress are involved in immunity and inflammation (Cole et
al., 2015). There is increasing evidence for stress causing a change in gene expression. For
example, several prospective studies have been carried out tracking molecular changes in
myeloid cells in humans and monkeys during social stress for a decade. Over 200 genes
are differentially expressed in circulating leukocytes due to stress, including
downregulation of genes bearing anti-inflammatory glucocorticoid response elements,
upregulation of genes bearing response elements for pro-inflammatory NF-κB/Rel
transcription factors. Stress also appears to specifically cause upregulation of leukocyte
conserved transcriptional response to adversity (CTRA), an upregulation of the
CD14(++)/CD16(-)

classical

monocyte

transcriptome,

functional

glucocorticoid

desensitization, down-regulation of Type I and II interferons, impaired response to
infection, and dysregulation of cancer pathways such as JAK/STAT (Cole et al., 2015;
Cole et al., 2007).
I set out to determine if an HFD overlaid with psychological stress causes distal
colon and rectum inflammation. The scientific premise that underlies this hypothesis has
been outlined as following: (1) Perceived stress and EOCRC are on parallel tracks that
have been rising for the last several decades (Cohen et al., 2007; Marquez & Saxena, 2016;
R. Siegel, Naishadham, & Jemal, 2013; R. L. Siegel & Jemal, 2016; R. L. Siegel, Miller,
& Jemal, 2017). (2) Perceived stress increases CRC risk (Kikuchi et al., 2017). (3) Less
sleep drives stress and modulates CRC risk (Hirotsu, Tufik, & Andersen, 2015; E. J. Kim
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& Dimsdale, 2007; McEwen & Karatsoreos, 2015; Thompson et al., 2011). And disruption
of the host circadian clock induces dysbiosis as well (X. Liang, Bushman, & FitzGerald,
2014). (4) Psychosocial stress increases the risk of diabetes, and diabetes is linked to
EOCRC (J. Y. Kim et al., 2016; Vu et al., 2014). (5) The inflammatory milieu, innate
immunity, and function of the immune cells are compromised in stressed animals, and a
compromised immune system promote CRC (Koi & Carethers, 2017; Merlot et al., 2008;
Saleh & Trinchieri, 2011). (6) Psychosocial stress modulates microbiota signatures and
make-up in the GI tract (Carson et al., 2018a), and GI microbiota play a critical role in
CRC development (Louis et al., 2014; Raskov et al., 2017). Stress influences gut
microbiota composition (M. T. Bailey et al., 2011; Bhattarai, Muniz Pedrogo, & Kashyap,
2017) and microbial habitat alterations following stress-induced changes in intestinal
mobility and mucin secretion (Collins, Surette, & Bercik, 2012; Lee, Menezes, Umesaki,
& Mazmanian, 2011). Our experimental mice were provided a low-fat diet or a high-fat
diet during the experiment with or without chronic psychological stress to reveal the stress
impact on EOCRC incidence.
3.2 Methods
The animal models of chronic mild stress (CMS) have been used more than three
decades, over thousands of publications verified the effectiveness of reproducible protocols
(Willner, 2017). Stress induction in laboratory animals is a complex field, based on
pharmacological

challenges,

genomic

manipulations,

physiological,

behavioral,

neurochemical, and endocrine changes (Patchev & Patchev, 2006; Sheridan, Padgett,
Avitsur, & Marucha, 2004). In rodent, application of CMS procedures resulted in a variety
of behavioral, neurochemical, neuroendocrine, and neuroimmune alterations resembling
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some of the dysfunction in humans (Anisman, Merali, & Hayley, 2008; Fuchs, 2005; Henn
& Vollmayr, 2005; Holsboer, 2000; Sterlemann et al., 2010). Moreover, the role of sex and
age are critical in the stress response, for instance, females sympathoadrenal response and
stress-induced activity are higher than males (Patchev & Patchev, 2006), early ages or
pregnancy stress impact are higher than normal adults life period (H. Liu, Atrooz, Salvi, &
Salim, 2017; Patchev & Patchev, 2006). Laboratory animals chronic psychological stress
model have been developed and widely used. For example, physical restriction, day-night
circadian shift, social isolation, cage mates changed frequently, bedding changes, noise
interfering, food or water deprivation, etc., (Campos, Fogaca, Aguiar, & Guimaraes, 2013;
Golden, Covington, Berton, & Russo, 2015; Harkin, Houlihan, & Kelly, 2002). Physical
restriction is a sample and effective method for CMS, which induce chronic psychological
stress in rodent and large lab animal as well (Campos et al., 2013).
Here, we adapted the physical restriction method on mice, chronic psychological
stress was induced by daily restriction in an air flowed 50 mL conical tube (punched four
holes on the top and bottom of the tube) for 20 mins for eight weeks (1-3 months of mouse
age, approximate human 12-20 years of age). This induced early life psychological stress
impact on later health conflict, which was determined by examining the colon health in the
experimental mice. Experimental groups were shown in Table 3.1, L indicates low-fat diet,
H indicates high-fat diet, S indicates psychological stress. Female and male animals have
different metabolic rates, eating habit and different impact upon the psychological stress.
For consistency, we used female animals in this stud y. Male mice experiment will be
discovered in the near future.
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Table 3.1 Experimental groups.
Mice Treatment: Diet, Stress
A/J
LS
A/J
HS

Sex
Female
Female

n
10
14

Endpoint
11-month old
11-month old

Figure 3.1 (a)
Sac, bleeding, tissue
± stress

1 m old

HF;LF

11 m old

3m old

Figure 3.2 (b)

Figure 3.1 Stressed experimental design.
(a) Stressed experimental design time scale.
(b) Mice were restricted in air-flowed 50 mL conical tubes.
3.2.1 Peripheral blood and serum analysis
Before the endpoint of the experiment or before sacrificing the sick mice, we
anesthetized mice by inhalation isoflurane and then performed retro-orbital bleeding by
using a capillary tube to disrupt the retrobulbar venous sinus located behind the eye. After
the maximum volume of the blood from each mouse was collected, mouse was sacrificed
by cervical dislocation. Complete blood count (CBC) was tested immediately after the
blood draw. We focused on white blood cell count, especially neutrophils, lymphocytes,
and monocytes count. CBC of total hemoglobin, leukocytes, neutrophils, lymphocytes,
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monocytes, basophils, and eosinophils were obtained. The total white blood cell count and
lymphocyte count reflect systemic inflammatory load.
After completed CBC, mice blood was set at room temperature for about 30 mins,
we performed centrifugation at 1500 g for 15 mins at 4 ̊ C, the resulting supernatant was
designated as serum. Serum was transferred into sterile polypropylene tubes, was aliquoted
each sample in 50 µL, and stored it in -80 ̊ C for further analysis. I analyzed serum
cytokines, tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) by high-sensitivity
enzyme-linked immunosorbent assays (ELISA) (Park, Park, & Yu, 2005; Wan et al., 2019).
TNF-α plays a pro-inflammatory role and is the primary mediator of immune regulation.
TNF-α is a potent multifunctional cytokine that can exert regulatory, inflammatory, and
cytotoxic effects on a wide range of normal lymphoid, non-lymphoid cells and tumor cells.
TNF-α is secreted by macrophages, monocytes, neutrophils, T-cells (primarily CD4+ T
cells), NK-cells, and many transformed cell lines. BioLegend’s ELISA MAX™ Standard
Set (Cat.No. 430901) was used. A mouse TNF-α specific Armenian hamster monoclonal
antibody is first coated on a 96-well plate. Standards and samples were added to the wells,
and TNF-α binds to the immobilized capture antibody. Next, a biotinylated goat polyclonal
anti-mouse TNF-α detection antibody was added, producing an antibody-antigen antibody
“sandwich.” Avidin-horseradish peroxidase was subsequently added, followed by TMB
Substrate Solution, producing a blue color in proportion to the concentration of TNF-α
present in the sample. Finally, the Stop Solution changes the reaction color from blue to
yellow, and the microwell absorbance was read at 450 nm with a microplate reader.
IL-6 is the major inducer of acute phase reactions in response to inflammation or
tissue injury. IL-6 plays an essential role in the final differentiation of B-cells into
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immunoglobin-secreting cells. It also induces myeloma and plasmacytoma growth, nerve
cell differentiation, and acute phase reactant proteins in hepatocytes. IL-6 is expressed by
T cells, B cells, monocytes, fibroblasts, hepatocytes, endothelial cells, and keratinocytes.
BioLegend’s ELISA MAX™ Standard Set (Cat.No. 431301) was used. A mouse IL-6
specific rat monoclonal antibody was first coated on a 96-well plate. Standards and samples
were added to the wells, and IL-6 binds to the immobilized capture antibody. Next, a
biotinylated rat monoclonal anti-mouse IL-6 detection antibody was added, producing an
antibody-antigen-antibody “sandwich.” Avidin horseradish peroxidase was subsequently
added, followed by TMB Substrate Solution, producing a blue color in proportion to the
concentration of IL-6 present in the sample. Finally, the Stop Solution changed the reaction
color from blue to yellow, and the microwell absorbance was read at 450 nm with a
microplate reader.
3.2.2 Tissue Examination
Tissue collection, polyps and foci counting, and histological/pathology analysis as
described in Chapter 2.
3.3 Results
Daily food intake was monitored in different age and body weight stages. For
instance, in early age, stressed animals consumed slightly less food than non-stressed
animals (Figure 3.2 a). In adult ages, mice on an LFD with stress consumed slightly more
than non-stressed animals; there was no change in mice consuming HFD with stress (Figure
3.2 b). Many studies have evaluated the relationship of stress and eating in human with
respect to gender, age, food content, obese-status, and adult female more likely to engage
in stress-related eating (Adam & Epel, 2007; Barrington, Beresford, McGregor, & White,
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2014). Comparing body weight, significant differences were observed between the stressed
and non-stressed animals on the HFD (Figure 3.2 c), but the differences did not occur in
the LFD groups (Figure 3.2 d). These data indicate that stress affects the eating patten and
body weight more in mice consuming an HFD. Similar results were reported in BL/6J mice,
reduced body weight due to CMS observed in younger animals (Schweizer, Henniger, &
Sillaber, 2009). We compared long-term body weight in experimental groups, overall,
stressed animals had lower body weights than non-stressed animals, and we found it shifted
in different ages, especially animals consuming the LFD and under stress (Figure 3.3 b).
We compared survival rates, consumed LFD groups had slightly low survival rates v.s.
consuming HFD groups. This explained by the dietary guidelines, that healthy diet should
contain about 30% carbolic from healthy fat, such as fish oil and nuts (USDA, 2015).
Healthy fat is critical in brain development and longevity in human, for example
Mediterranean diet (Ginter & Simko, 2015; Martinez-Gonzalez & Martin-Calvo, 2016).
Hemoglobin was significantly decreased in mice consuming the HFD with or
without stress (Figure 3.4 a), which might be explained by microbiota depleted in those
two groups compared to mice consuming the LFD. Since fecal occult blood test were
negative, the reason might be the decreased iron absorption by microbes in the colon. We
found neutrophils percentage slightly increased in HFD overlaid stressed animals’ blood
(Figure 3.4 b), and neutrophils are important effector cells in the innate immune system
and associated with T-cell-mediated inflammation (Rosales, 2018; Kolaczkowska &
Kubes, 2013; Terui, Ozawa, & Tagami, 2000). Interestingly, monocytes decreased in
experimental samples compared with control samples (Figure 3.4 c). Monocytes are
produced by progenitors in the bone marrow, they travel through the bloodstream to
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peripheral tissue. During the homeostasis and inflammation, circulating monocytes migrate
into tissue, such as intestine to differentiate into macrophages and dendritic cells (C. Shi &
Pamer, 2011). Decreased monocyte percentages in circulation indicate either the
population was decreasing, or the population was differentiating in the inflamed tissue. We
observed a decreasing trend in lymphocyte percentages in experimental groups vs. control
(Figure 4.3 d), possible reason is activated T lymphocytes derive from naïve lymphocytes,
and they produce cytokines to activate macrophage and dendritic cells to fight infection or
inflammation (Moro-Garcia, Mayo, Sainz, & Alonso-Arias, 2018). Taken together with
our microbial communities’ data (Figure 3.8 b, c), decreased microbial diversity and
abundance indicate the HFD overlaid with stress depletes microbiota population, it might
indicate a leaky gut syndrome and inflammation in the colon (Madison & Kiecolt-Glaser,
2019).
Significantly increased distal colon polyps and rectal foci were observed in mice
consuming the HFD and experienced stress (Figure 3.5 b, c, d). H&E staining showed mice
consuming the HFD and under stress had thickened mucosa and hyperplastic, lymphoid
infiltration and colonic cell morphology changes in distal colon (Figure 3.7). HFD and
stress increased histological scores compared with the LFD groups (p < 0.05). Microbiome
analysis in alpha diversity showed that stressed animals have a broad range of Shannon
index and evenness vector, indicating individuals has different stress impact, and overall
stress decreased alpha diversity (Figure 3.8 b, c). Comparing the genus level in the
heatmap, we observed an increased genus level of Allobaculum, which is related to
inflammation disorder and a CRC biological marker (Kain et al., 2019). We also observed
decreased Akkermansia in LFD with stressed group, Akkermansia is a genus microbial
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community, it reduces neuroinflammation and anxiety (Boehme et al., 2019). Interestingly,
this is inversed in the HFD groups (Figure 3.10). This inverse event may agree with the
ketogenic diet (KD) releasing neurological disorders in multiple condition in human studies
(Baranano & Hartman, 2008; Stafstrom & Rho, 2012). Future studies will focus on fecal
microbiota transplantation, e.g., transplant fecal sample from stressed patients into germ
free mice with AOM, to determine the microbiome impact with tumorigenesis in distal
colon and rectum.
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Figure 3.2 (a)

Figure 3.2 (b)

Figure 3.2 (c)

Figure 3.2 (d)

Figure 3.2 Observation of stress experiment.
(a) Daily food intake was monitored in groups of the LFD and HFD fed mice, with or
without stress in 15-22 g body weight range.
(b) Daily food intake was monitored in groups of the LFD and HFD fed mice, with or
without stress in 22-30 g body weight range.
(c) Body weight comparison between HFD and HFD with stressed group was displayed, a
timeline in the first three months old. Significant * p<0.05, ** p<0.01, *** p<0.001.
(d) Body weight trend between LFD and LFD with stress was displayed, a timeline in the
first 2.5 months. There was no significant difference.
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Figure 3.3 (a)

Figure 3.3 (b)

Figure 3.3 (c)

Figure 3.3 Growth data of stress experiment.
(a) Comparing the mice body weight trend between LFD/HDF and LFD/HFD, with
stressed group, a timeline in the first 5.5 months. * p<0.05, ** p<0.01, *** p<0.001,
**** p<0.0001.
(b) Comparing the mice body weight trend between LFD/HDF and LFD/HFD, with
stressed group, a timeline of the first 8.5 months.
(c) Kaplan-Meier survival analysis. Survival curve in LFD/HFD with and without stress
to mice age 260 days. Mice consuming the LFD had lower survival rates compare to
mice consuming the HFD mice, however, there was no significant difference.

59

Figure 3.4 (a)

Figure 3.4 (b)

Figure 3.4 (c)

Figure 3.4 (d)

Figure 3.4 Peripheral blood analysis of stress experiment.
(a) Hemoglobin in each group was compared. Significant, * p<0.05.
(b) Neutrophils to white blood cells percentage in each group was compared. LFD with
stress increases neutrophil slightly than LFD only; HFD with stress increases
neutrophil slightly than HFD only. Neutrophil associated with preventing infections,
cell repair, and immune response, a present defense mechanism.
(c) Lymphocytes to white blood cells percentage in each group was compared. LFD with
stress decreases lymphocytes slightly than LFD only; HFD with stress increases
lymphocytes slightly decreases than HFD only. Lymphocytes help fight off diseases,
such as infection. Lymphocytes play a critical role in the host immune function; a
decreased lymphocyte count indicated a decreased resistance to tumors.
(d) Monocytes to white blood cells percentage in each group was compared. LFD with
stress decreases lymphocytes slightly than LFD only; HFD with stress decreases
lymphocytes slightly than HFD only. Lymphocytes help fight off diseases, such as
infection. Monocytes transform into macrophages, and macrophages kill
microorganisms and fight cancer cells.
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Figure 3.5 (a)

Figure 3.5 (b)

Figure 3.5 (c)

Figure 3.5 (d)

Figure 3.5 Colon analysis of stress experiment.
(a) Comparing proximal polyps’ burden of LFD/HFD and with or without stress. There is
no significant difference.
(b) Comparing distal polyps’ burden of LFD/HFD and with or without stress. Stress
significantly increased polyps’ burden in LFD and HFD groups.
Significant, * p<0.05, ** p<0.01.
(c) Comparing polyps’ burden at distal 2.2 cm region (represent rectal region), HFD with
stress significantly increased polyps’ burden compare to high-fat diet only. Stress also
increases rectal polyps’ burden in low-fat groups, however, there is no significant
difference. Significant, * p<0.05.
(d) Microscopic observed foci, the size less than 1mm diameter, HFD and stress increased
foci in rectal region. Significant, * p<0.05, ** p<0.01, *** p<0.001.
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Table 3.2 Necropsy measurement of stress experiment. The stressed group compares to the
non-stressed group, body weight, liver weight, kidneys weight, and spleen weight were
decreased; colon lengths were decreased. Data have shown mean ± SD.
A/J
mouse
Sex
F
F
F
F

No
10
9
13
12

Weight (g)
Treatment
LFD
LFDS
HFD
HFDS

Body
27.07±3.69
25.44±2.80
37.03±4.24
35.43±4.66

Liver
1.38±0.12
1.40±0.19
1.54±0.25
1.22±0.17

Kidney
0.35±0.03
0.34±0.04
0.35±0.04
0.32±0.04

Spleen
0.09±0.06
0.07±0.02
0.09±0.04
0.09±0.03

Length of
colon
(cm)
9.26±0.60
9.02±0.87
8.70±0.82
8.43±0.75

Figure 3.6 (a)

Figure 3.6 (b)

Figure 3.6 Colon analysis of stress experiment.
(a) LFD/HFD with and without stress colon foci imagine with magnification 40X. Foci
have shown round or oval shape, increased size and number in stressed groups, it
started with hollow foci, gradually turned into dense in severe cases.
(b) Gross image of LFD and HFD with stressed mice colon, visible polyps, especially on
the distal end, left is cecum end, right is anus end.
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Figure 3.7 (a)

Figure 3.7 (b)

Figure 3.7 (c)

Figure 3.7 Histopathological analysis of stress experiment.
(a) H&E staining image, with magnification 200X. HFD and LFD with stress have shown
lymphocytes infiltration, HFD with stress colon have shown irregular crypts and crypt
loss.
(b) H&E staining image, with magnification 40X. HFD has shown irregular crypts, and
HFD with stress colon have shown lymphocytes infiltration, irregular crypts, and crypt
loss.
(c) Histopathological scores, HFD and stress increased histology scores.
Significant * p<0.05, ** p<0.01, *** p<0.001.
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Figure 3.8 (a)

Figure 3.8 (b)

Figure 3.8 (c)
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Figure 3.8 Microbial communities’ analysis of stress experiment.
(a) Phylogenetic based beta diversity, a qualitative principal component analysis (PCA)
plot of fecal microbiota. Compare LFD 11-month, LFD with stress, and HFD with
stress 11 months old mice fecal sample. Plots of PCA based on unweighted UniFrac
distance matrices of microbial communities in fecal samples, PC1 (x‐axis) explained
40.45%, PC2 (y‐axis) explained 27.61 % of variability, PC3 (z‐axis) explained 8.77 %
of the variability.
(b) Phylogenetic based alpha diversity, the Shannon index, lower Shannon vectors indicate
the lower diversity of the microbial communities. HFD 11 months old mice compared
to LFD 11 months old mice; Shannon vector significantly decreased. Stressed groups
also showed similar trends. However, there is no significant difference.
Significant, *p<0.05, **p<0.01, ***p<0.001.
(c) Compare the alpha diversity evenness. LFD group had higher richness and evenness
than HFD groups, in both conditions of with and without stress. Previous study
demonstrated that individuals with low microbial communities have a more systemic
inflammation (Le Chatelier et al., 2013). Significant, *p<0.05, **p<0.01, ***p<0.001.
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Figure 3.9 (a)

Figure 3.9 (b)

Figure 3.9 Phyla and family level of stress experiment.
(a) Operational taxonomic unit (OUT) analyzed in the Phyla level. LFD and HFD with and without
stress 11 months old mice microbiome comparison. Significantly changed in increased
Actinobacteria and Firmicutes; decreased Bacteroidetes and Verrucomicrobia. These results
confirmed the results and concluded that the microbial communities of IBS patients are enriched
in Proteobacteria and Firmicutes but reduced in Actinobacteria and Bacteroidetes compared to
controls (Krogius-Kurikka et al., 2009). A high relative abundance of Firmicutes spp.indicates the
development of a dysbiosis microbiota in animals (Asquith et al., 2016). Also, Firmicutes and
Fusobacteria were significantly increased in CRC patient samples (J. Yang et al., 2019).
Actinobacteridae increased in human colorectal cancer patients microbiome (Marchesi et al.,
2011). Here also have shown that decreased Actinobacteria in HFD with stress to HFD only, by
increased Verrucomicrobia. Significant, *p<0.05, **p<0.01, ***p<0.001, **** p<0.0001.
(b) Comparing the family level of operational taxonomic unit (OUT) in. the LFD and HFD with
stressed mice samples. It showed similar trend as (d): Increased in Bifidobacteriaceae,
Erysipelotrichaceae, decreased in Bacteroidales family level in S24-7, Clostridiales family level
in Ruminococcaceae and Verrucomicrobiaceae. Significant, *p<0.05, **p<0.01, ***p<0.001.
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Figure 3.10
Bifidobacteriaceae;g__Bifidobacterium
Coriobacteriaceae;g__Adlercreutzia
S24-7;g__
Lactobacillaceae;g__Lactobacillus
Turicibacteraceae;g__Turicibacter
Clostridiales;__;__
Clostridiales;f__;g__
Clostridiaceae;__
Clostridiaceae;g__Clostridium
Lachnospiraceae;g__
Lachnospiraceae;g__Coprococcus
Lachnospiraceae;g__Dorea
Peptostreptococcaceae;__
Peptostreptococcaceae;g__
Ruminococcaceae;__
Ruminococcaceae;g__
Ruminococcaceae;g__Oscillospira
Ruminococcaceae;g__Ruminococcus
[Mogibacteriaceae];g__
Erysipelotrichaceae;g__Allobaculum
Erysipelotrichaceae;g__Clostridium
Enterobacteriaceae;__
Verrucomicrobiaceae;g__Akkermansia

Figure 3.10 Genus heatmap of stress experiment. Heatmap plots shows the gut microbiota
composition between samples at the genus level. Relative abundances of individual taxa
(rows) in each sample (columns) are indicated in the associated color scale. Increased
Erysipelotrichaceae appeared in the stressed samples, especially in genus level
Allobaculum. These results also reported in obese mice samples and related to
inflammation disorder (Kain et al., 2019). Akkermansia reduce neuroinflammation and
anxiety in animal study (Boehme et al., 2019), here, decreased Akkermansia in LFD with
stressed animals’ samples. Blank data such as “g_” were interpreted as unidentifiable data
due to the possibility that no-named OTUs are assigned the same genus despite including
several unknown genera.
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3.4 Discussion
In mice consuming an HFD, microbial diversity and richness decreased in the
microbiome, characterized by a higher ratio of Firmicutes to Bacteroidetes, which is
confirmed in human metabolic syndrome. For example, there are decreased SGFAs
production and secondary bile acids secretion associated with an HFD (Dao et al., 2016;
David et al., 2014; Le Chatelier et al., 2013; A. M. Martin et al., 2019; Turnbaugh et al.,
2008; Turnbaugh & Gordon, 2009; Turnbaugh, Hamady, et al., 2009; Turnbaugh et al.,
2006). Anemia is one of the most frequent manifestations of CRC patients - and occurs in
approximately 30-75% of patients (Edna, Karlsen, Jullumstro, & Lydersen, 2012; Munoz,
Gomez-Ramirez, Martin-Montanez, & Auerbach, 2014). The hemoglobin level is one
indicator for defining anemia and tumor location and size. In addition, patients with rightsided tumors (low hemoglobin level) responded more often than patients with left-sided
tumors (majority present in EOCRC) (Quinn et al., 2010). Here, mice consuming the HFD
and under psychological stress had significantly lower hemoglobin levels, which is
consistent with confirmed the decreased iron absorption by intestinal epithelial cells , and
inflammation in the intestine (Halleux & Schneider, 1994; Vayrynen et al., 2018).
Psychological stress significantly increased polyps’ burden and histology scores in
distal colon and rectum in experimental animals, in both consumed LFD and HFD groups.
A newly published study has shown that the mouse colon enteric nervous system gene
repression, neurons from the distal coon had higher expression of many neurotransmitters
and neuropeptides receptors than the proximal colon (Drokhlyansky et al., 2020);
indicating that stress causing altered neuronal synthesis and receptors genes and maybe a
mechanism toward the exacerbation of inflammation in distal colon and rectum in mice.
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Psychological stressed animals’ microbiome decreased baseline in microbial
diversity and evenness, especially in consuming HFD and stressed animals. Stressed
animals’ microbiome changed in the form of an increased Firmicutes/Bacteroidetes ratio,
which is associated with gut dysbiosis (Hills et al., 2019). Firmicutes and Fusobacteria
have been shown to be significantly increased in CRC patient samples (J. Yang et al.,
2019). Samples from stressed animals showed increases in Erysipelotrichaceae.
Erysipelotrichaceae is related to inflammation disorders and are enriched in CRC (W.
Chen, Liu, Ling, Tong, & Xiang, 2012; Kaakoush, 2015; Q. Zhu et al., 2014). Interestingly,
the adverse effect of psychological stress significantly affects animals that were on an LFD
compared to animals on an HFD. For instance, there were decreased numbers of anaerobic
genus Akkermansia and family S24-7 in the mice undergoing stress and consuming LFD,
while there was an enrichment of Akkermansia and S24-7 in the mice undergoing stress
and on the HFD. In addition, there were enriched genera Allobaculum when stress was
overlaid with the LFD vs. LFD only; while there was reduced Allobaculum population
when stress was overlaid with the HFD vs. HFD only. Interestingly, ketogenic diet shows
similar effect; and it has been used to treat refractory epilepsy and other neurological
inflammation (Stafstrom & Rho, 2012). Also, the microbiome of stressed mice showed
decreased beneficial probiotics, such as Lactobacillus, and specifically in family level of
the Lactobacillaceae; Bacteroidales, and S24-7.
Psychological stress elevated detrimental microbes in mice colons, such as
Erysipelotrichaceae, which can drive tumorigenesis. A healthy gut flora is important in
maintaining the intestinal barrier. In stressed animals, the lamina propria was infiltrated
with immune cells, resulting in a change in the muscular and submucosal morphology.
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Histopathologic interpretation is complicated by the frequent occurrence of aberrant crypts
associated with inflammation. The mucosa is thickened and hyperplastic compared with
normal mucosa (Boivin et al., 2003). This appeared to affect mainly the distal and rectal
colon. Lymphoid-associated colorectal mucosa might be the origin of many non-protruding
adenomas and, consequently, non-protruding early colorectal carcinomas (Boivin et al.,
2003).
Interestingly, decreased Akkermansia abundance shown in the LFD and stressed
animals’ microbiome, which suggests an increased inflammation and anxiety (Stafstrom &
Rho, 2012; Wong, Bottiglieri, & Snead, 2003), while, an increased Akkermansia
abundance appeared in HFD and stressed animals’ microbiome compare to HFD only,
which agree with the ketogenic diet releasing neurological inflammatory condition in a
small cohorts studies (Boehme et al., 2019). In summary, Psychological stress significantly
increased polyps’ burden and histology scores in distal colon and rectum. Psychological
stress significantly decreased microbial diversity and abundance in microbial communities,
while increased CRC biological marker of Allobaculum. Psychological stress overlaid with
HFD showed a significant inflammation scores in distal colon and rectum compared to
control group.
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CHAPTER 4
ALLURA RED AC DRIVES INFLAMMATION AND COLITIS IN
DISTAL COLON AND RECTUM
4.1 Introduction
4.1.1 A Brief History of Azo Dye
Chemist William Henry Perkin discovered coal tar dye in 1856; and since then,
artificial food colors have been widely used in household products, cosmetic products,
food, and medicine. Artificial food coloring has become an increasing essential tool in food
marketing and sales since the 1870s in the U.S. When Congress enacted the Food, Drug,
and Cosmetic Act in 1938, the food coloring business had become a central and permanent
component of food marketing strategies. Under the new legislation (1938), the use of
certified colors became mandatory.
Food and beverage industries often added food dyes to enhance appearance, display
stable qualities, and attract consumers. Today synthetic food coloring is mostly
manufactured from petroleum. The most common synthetic food coloring are azo dyes.
Synthetic azo dyes are widely used in food industries, pharmaceutical industries,
cosmetics, and housing materials. One of the azo dyes Allura Red AC also known as E
129, synonymous CI Food Red 17, Food Red No. 40, and FD&C Red No. 40, it was
approved by U.S. Food and Drug Administration (FDA) for applied in food, medicine, and
cosmetics in the U.S. in 1971 (Borzelleca, Olson, & Reno, 1989, 1991). Alarmingly, over
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50% of food contains synthetic dyes, and Allura Red AC is the most common (Amchova,
Kotolova, & Ruda-Kucerova, 2015).
The manufacturing process of Allura Red AC is coupling diazotized 5-amino-4methoxy-2-toluenesulphonic acid (also known as p-cresidine sulfonic acid, p-CSA) with
6-hydroxy-2-naphthalene sulphonic acid (the sodium salt is called Shaeffer’s salt) (HSDB,
2006). The resulting dye is purified and isolated as the sodium salt, Allura Red AC often
contains benzene residues. Parental compounds are carcinogenic to both humans and
animals (JECFA, 2004). The molecular formula of Allura Red AC is C18H14N2Na2O8S2.
CAS (Chemical Abstracts Service) number is 25956-17-6, and molecular weight is 496.42.
Allura Red AC is allowed as a food additive in the EU, U.S., and many other regions in the
use of cosmetics, medicine, and food (Tsuda et al., 2001). The safety, dietary intake, and
specifications for Allura Red AC have been heavily examined and debated. As a food
coloring, Allura Red AC is broadly used in soft drinks, candy, cereal, bakery, snack, baby
food, and children’s medication.
Allura Red AC is a water-soluble dark red powder or granules. Allura Red AC is
physical-chemical stable in pH 2.0 - 14.0, and inert with heat, light, or acid. Meanwhile,
water, ethanol, and propylene glycol solubility promoted the use of Allura Red AC in food
industry. However, Gosetti et al., using a non-target screening of Allura Red AC
photodegradation products in beverage, they found that the degradation products contain
aromatic-amide and other aromatic molecules, which are all carcinogenic agents (Gosetti
et al., 2013). Azo dyes represent the largest and most influential group of synthetic food
coloring (FDA Administration, 2020), and are relatively cheap to manufacture. However,
all the derivatives from the Azo compound are carcinogens in humans and animals. The
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FDA approved Allura Red AC acceptable daily intake (ADI) is 7.0 mg/Kg body weight
per day since the synthetic food coloring explosion in the 1970s.
4.1.2 Toxicity of Allura Red AC
Tsuda et al., have found that 10 mg/Kg Allura Red AC cause DNA damage in the
mice colon (Tsuda et al., 2001). The occurrence of azo dye in daily food is approximately
2.08 % (Leo et al., 2018). The FDA maintains ADI of 7.0 mg/Kg body weight per day (21
CFR 74.340, GMP). So, a 30 Kg child daily acceptable Allura Red AC is 210 mg. Children
possible consume over daily accept amount food coloring on different food dye combined
in the daily life (Doell, Folmer, Lee, Butts, & Carberry, 2016). For instance, Kool-Aid
Burst Cherry contains Allura Red AC of 52.3 mg/240 mL (Stevens, Burgess, Stochelski,
& Kuczek, 2015), four-drink containing 209.2 mg of Allura Red AC is about a 30 Kg
child’s limit.
The ADI approved by FDA was based on a NOAEL dose equivalent of 695 mg/Kg
body weight /day, and was derived from a reproductive and developmental toxicity study
in rats, and it based on a slight growth suppression at the higher test level of 2595 mg/kg
body weight /day in F1 and F2 pups (Bastaki, Farrell, Bhusari, Pant, & Kulkarni, 2017).
Nevertheless, Allura Red AC reproductive toxicity remains controversial. Tsuda S et al.,
found DNA damage appeared in pregnant female mice (Tsuda et al., 2001). Chronic and
acute food consumption statistics for several populations are available, freely provided by
the EFSA Comprehensive European Food Consumption Database in Exposure Assessment
(EFSA, 2016) with all endpoints (i.e., gene mutations and structural and numerical
chromosome damage) substances that are both genotoxic and carcinogenic (Hisano, 2016).
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In the meantime, a mice study of toxicity involved in the colon conducted for 48 h after
administration (Bastaki et al., 2017), was interpreted as a “lack of genotoxicity”.
A short-term study of toxicity should be at least 13 weeks period; a long-term study
of toxicity and carcinogenicity should be at least extends for 6 months, and for genotoxicity
and reproductive toxicity including multigeneration studies and developmental toxicity
should cover prenatal to postnatal life span; according to criteria of “WHO safety
evaluation of certain food additives (World Health Organization, 2006). Early studies have
confirmed “lack of lifetime toxicity of Allura Red AC on mice and rats”(Borzelleca et al.,
1989, 1991), but those are observational studies and the small or large intestines were not
examined. On the other hand, the Shimada group’s study has been shown that acute colon
DNA damage appeared in mice 3 h after administration (Shimada, Kano, Sasaki, Sato, &
Tsudua, 2010). Similar results to those from Tsuda’s group showing DNA damage on mice
(Tsuda et al., 2001), found DNA damage in the colon after 3 h administration, and induced
DNA damage in the colon starting at 10 mg/kg. As early as 1971, studies have shown that
Allura Red AC was reductionzied by Streptococcus faecalis (Gingell & Walker, 1971;
Walker, Gingell, & Murrells, 1971). The major metabolite p-cresidine sulfonic acid is a
human carcinogen, according to National Toxicology Program, Department of Health and
Human Services (Environmental Protection Agency, 2016).
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Figure 4.1 (a)

Allura Red AC
Figure 4.1 (b)

Figure 4.1 Information of Allura Red AC.
(a) Structural formula of Allura Red AC.
(b) Literature research on Allura Red AC studies from Pub Med.

I set out experiment to determine if an HFD overlaid with Allura Red AC causes
distal colon and rectum inflammation. The scientific premise is based on the following: (1)
Allura Red AC induced DNA damage on mice in multiple organ systems, (2) Allura Red
AC is degraded by gut bacteria, and further alter the gut microbiome (Chung et al., 1981;
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Chung et al., 1978), and GI microbiota plays a critical role CRC development (Louis et al.,
2014). The transformation of Allura Red AC by intestinal bacteria may be a necessary
prerequisite of carcinogenicity, and the degraded dye may reabsorb from the digestive tract,
cause mutagenesis and carcinogenesis (Chung, 1983). (3) The dose for DNA damage,
mainly in the colon, is close to ADI levels recommended by the FAO/WHO Expert
Committee. (4) The inflammatory milieu, innate immunity, and function of immune cells
are compromised, and a compromised immune system helps drive CRC (Koi & Carethers,
2017; Merlot et al., 2008; Saleh & Trinchieri, 2011). (5) The metabolite hydrogen sulfide
(H2S) from sulfur-containing compounds (animal food sources) is a potent genotoxin and
could contribute to onset CRC, also reduce disulfide bonds in the mucus layer of the gut
epithelium, disrupting its barrier function (Raskov et al., 2017).
4.2 Methods
Here, I conducted margin of exposure (MoE) approach, (Cartus & Schrenk, 2017),
gave the equivalent of human ADI dose to mice, up to ten months, and examined the health
condition, especially in the large intestine. Human ADI converts to mice dose in mg/kg by
body surface area via different species metabolism consideration (Nair, Morsy, & Jacob,
2018). Control groups had drinking water in ad libitum. The drinking bottle was changed
weekly. Mice consumed Allura Red AC had coloring DI water solution in ad libitum.
Drinking volume was monitored every three days and coloring water solution was changed
weekly. Calculated mice ADI is 86 mg/kg, in practice, mice body weight was 15-22g, daily
drink Allura Red AC solution was about 2 mL, Allura Red AC supplied concentration was
0.86 mg/mL. The experimental groups included 1x ADI and 2X ADI of Allura Red AC.

75

Experimetal groups were shown in Table 4.1, - indicates no Allura Red AC consumption,
+ indicates with Allura Red AC consumption, 2x indicates double ADI dose of Allura
Red AC. Female and male animals have different metabolic rates, eating habit. We used
female mice in this study. Male mice will be studied in the near future.
Table 4.1 Allura Red AC experiment groups.
Treatment: Diet, Allura Red AC
LL+
HH+
H 2x

Sex
Female
Female
Female
Female
Female

n
10
10
13
14
13

± Allura Red/ HF;LF

1 m old

Endpoint
11-month old
11-month old
11-month old
11-month old
11-month old

Sac, bleeding, tissue

11 m old

Figure 4.2 Experiment design of Allura Red AC.
4.2.1 Clinical Observation
I evaluated mice health and welfare by observing the activity and clinical indictors
daily. Mice moving, grooming, eating, drinking, hunched posture, dull or sluggish
movements were monitored and recorded. Progression of disease was monitored as a
function of loss of body weight, skin rash or lesions, diarrhea, and rectal prolapse. Fecal
occult blood rapid test was performed once a week by Hemoccult (Beckman Coulter).
Clinical signs for severe conditions were considered as humane endpoint, such as rapid or
progressive weight loss, debilitating diarrhea, progressive dermatitis, hunched posture,
persistent recumbency, significant skin lesion, exposure of muscle or tissues (Burkholder,
Foltz, Karlsson, Linton, & Smith, 2012; Council, 2011).

76

4.2.2 Comet Assay
The single-cell gel electrophoresis assay, also known as comet assay, was
performed on colonic cells, liver cells, kidney cells, and spleen cells of experimental mice.
The comet assay is a simple and sensitive method for measuring DNA strand breaks in
eukaryotic cells, often used in genotoxicity testing. It is based on quantification of the
denatured DNA fragments migrating out of the cell nucleus during electrophoresis. This
assay is a tool for monitoring genotoxicity in response to various DNA damage agents
(Bankoglu, Kodandaraman, & Stopper, 2019). Here, I conducted the alkaline comet assay
on colonic cells in vivo using a comet assay silver kit (R&D system Cat. 4251-050-k). The
alkaline comet assay is recommended as the optimal assay for identifying genotoxicity by
the International Workshop on Genotoxicity Test Procedures (Tice et al., 2000). Singlestrand breaks (SSB), alkali-labile sites (ALS), and DNA-protein crosslinking are detected
in this assay.
Freshly isolated colonic cells from mice colon, in groups with or with our Allura
Red AC intake were collected. Cells were suspended on the ice. A lysis solution was cool
at 2-8 ̊ C for at least 20 mins before use. Comet Assay LMAgrose was melted in a beaker
of boiling water for 5 mins, with the cap loosened. Then, the bottle was placed in a 37 ̊ C
water bath for at least 20 mins to cool. Combined the suspended cells at 1x105/mL with
molten Comet Assay LMAgarose (at 37 ̊ C) at a ratio of 1:10 (v/v), and immediately
pipetted 50 µL onto Comet Slide. Slides were place at 2-8 ̊ C in the dark for 10 mins, with
increasing gelling time to 30 mins to improve adherence of samples in high humidity
environments. Slides were immersed in 2-8 ̊ C lysis solution for 30-60 mins. Drained
excess buffer from slides and immersed in a freshly prepared Alkaline Unwinding Solution,
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pH>13, consists 1 mM EDTA and 300 mM sodium hydroxide. Immersed comet slides in
Alkaline Unwinding Solution for 20 mins at room temperature in the dark. Then run the
electrophoresis in the dark at 4 ̊ C, the voltage was set to about 1 V/cm, added buffer until
the current was approximately 300 mA for 30 mins. Drained excess electrophoresis
solution from slides and gently immersed twice in distilled water for 5 mins each, then dip
in 70% ethanol for 5 mins. The slices were dried at room temperature, and then performed
silver staining the section and scored it.
4.3 Results
Daily drink and food intake were monitored weekly for all the groups. Mice
consumed the Allura Red AC solution less than water groups (Figure 4.3 a, b), however,
there is no significant difference. Body weights were compared between mice consuming
LFD/HFD and LFD/HFD with Allura Red AC. In one week after Allura Red AC
consumption, the LFD with Allura Red AC group had significant lower body weight than
control group, (p<0.05), and thereafter, this difference disappeared (Figure 4.3 c). While
mice consuming an HFD with Allura Red AC had significant lower body weight vs. HFD
only (Figure 4.3 d). Over the course of the experiment, Allura Red AC led to reduced body
weight in the HFD mice (Figure 4.3 e), and also significantly decreased long term survival
rates in the HFD groups (p < 0.05 , Figure 4.3 f ), which indicate toxicity of Allura Red
AC in mice fed an HFD.
We defined polyps in macroscopic observation as following: 1.0 mm diameter; 1.35
mm diameter; 1.67 mm diameter, and 2.0 mm diameter. Larger than 2.0 mm diameter is
adenoma. Colon polyp burden in each group were recorded. All groups had a polyps’
burden by 11 months old mice, which indicates that aging is also a parameter for
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developing polyps. Also, mice consuming Allura Red AC had their intestine content and
tissue dyed red (Figure 4.4 a, b), and exposure of blood vessels (Figure 4.4 b). The anus of
mice appeared to have severe inflammation and prolapse, severe skin rash and lesion in the
head, neck, body, and abdomen after six months (Figure 4.4 c). An HFD overlaid with
Allura Red AC increased foci number and size in the colon compared to other groups
(Figure 4.12 a). Allura Red AC significantly increased distal colon polyps’ burden in the
HFD group, but not in proximal colon (Figure 4.12 c, d). And HFD and Allura Red AC
significantly increased rectal polyps’ burden than HFD only (Figure 4.12 e). There was no
significant difference on LFD groups (Figure 4.12 c, d, e). An HFD overlaid with Allura
Red AC significantly increased histology scores (Figure 4.11 a), and overlaid stress had a
synergistic effect on histology scores (Figure 4.11 b). H&E staining showed moderate to
severe lymphoid infiltration and colitis in some animals tissue, changes majority affect
distal colon and rectum (Figure 4.11 c), rectal prolapse may mimic adenomatous changes,
mucosal herniation appeared epithelium into the submucosa in double dosed Allura Red
AC animal tissue (Figure 4.11 d).
Another observation was that the HFD overlaid with Allura Red AC, increased
lymphocytes percentage in peripheral blood (Figure 4.13 b), which may relate to beneficial
microbiota depleted in those mice (Figure 4.5, 4.6, 4.7), and may also indicate more
pathogens invading and causing inflammation through a leaky gut syndrome (De Almeida,
de Camargo, Russo, & Amedei, 2019). Also, we found that HFD overlaid with Allura Red
AC significantly increased serum IL-6 level, and it appeared dose dependent manner
(Figure 4.13 c). Elevated IL-6 is linked to inflammation-associated CRC, related to the
advanced stages and decreased survival in CRC patients, and IL-6 is a crucial regulator of
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CRC development (Shiga et al., 2016; Waldner et al., 2012). We analyzed organ to body
weight ratio in experimental groups (Figure 4.14 a, b, c), and significant differences
appeared mostly in the HFD overlaid with Allura Red AC group vs. HFD group, suggesting
Allura Red AC’s adverse effect in pharmacological activity.
Our microbiome analysis showed that HFD overlaid with Allura Red AC
significantly decreased microbiota diversity (Figure 4.5 b, c), significantly decreased
beneficial microbial communities (e.g., family level- S24-7), and significantly increased
detrimental microbial communities (e.g., family level- Erysipelotrichaceae) in microbiota
(Figure 4.6, Figure 4.7). And colonic organoids derived from different experimental mice
colon, they retain their native physiological functions, it gave us a great tool to study
multipotent stem cells in native microenvironment. We observed that organoids (8-9 days
after implant in figure 4.15) derived from the HFD colonic culture were 2-fold higher than
LFD colonic culture (data were not shown), which may confirm the study of high-fat diet
enhances stemness in intestine (Beyaz et al., 2016). We found that HFD induced Apc
mutations, while Allura Red AC induced p53 mutations in colonic stem cells (Table 4.3).
Our next step will utilize single cell RNA-Seq to reveal the cellular components of colonic
stem cell derived from crypts. And it will provide a detailed description of key colonic cell
types and genetic information in this mouse model.
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Figure 4.3 (a)

Figure 4.3 (b)

Figure 4.3 (c)

Figure 4.3 (d)

Figure 4.3 (f)
**
****

Body Weight (g)

Figure 4.3 (e)

Figure 4.3 Observation of Allura Red AC experiment. Significant, *p<0.05. **p<0.01,
***p<0.001, **** p<0.0001.
(a) Experimental groups drink a slightly less than control group (15-22 g mice), especially
on an HFD with Allura Red AC groups.
(b) Experimental groups drink a slightly less than control group (22-30 g mice), especially
on an HFD with Allura Red AC groups.
(c) Comparing body weight (70 days old) on the LFD and LFD with Allura Red AC. Body
weight was significantly difference between two groups in the first month.
(d) Comparing body weight (165 days old) on the HFD and HFD with Allura Red AC.
Significant difference lasted longer term.
(e) Comparing body weight (7 months old) on the LFD and HFD +/-Allura Red AC.
(f) Kaplan-Meier survival analysis. Mice consuming HFD and Allura Red AC had a
significant lower percent survival than the HFD only. And it showed a dose dependent
fashion.
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Figure 4.4 (a)

Figure 4.4 (b)

Figure 4.4 (c)

Figure 4.4 Clinical observation of Allura Red AC experiment.
(a) Gross observation of mice large intestine, from left cecum to right anus end.
Consumption Allura Red AC causes red dyed tissue and severe inflammation at anus,
especially on the HFD.
(b) Visible polyps were located mainly in distal colon, especially on HFD, colon have been
dyed with dye, even washed with PBS. From top to bottom is proximal to anus end.
(c) Observation of mice consumed HFD and Allura Red AC, skin rash and anus
inflammation started appearing after six months of experiment. Barbering appeared on
mice head and neck, and whole body. Rectum prolapse appeared, red and edematous
mucosal tissue is seen bulging from the rectal orifice.

Table 4.2 Necropsy measurement of Allura Red AC experiment.
Body weight, liver weight, and kidneys weight were decreased while mice consumed
Allura Red AC; colon lengths were decreased while mice consumed Allura Red AC. Data
have shown Mean ± SD.
A/J
Female
Weight (g)
Length of
colon
No
Treatment Body
Liver
Kidneys
Spleen
(cm)
10
LFD
27.07±3.69 1.38±0.12 0.35±0.03
0.09±0.06 9.26±0.60
10
LFDR
26.14±2.46 1.46±0.13 0.34±0.04
0.09±0.02 8.75±1.38
13
HFD
37.03±4.24 1.54±0.25 0.35±0.04
0.09±0.04 8.70±0.82
14
HFDR
30.85±6.70 1.27±0.24 0.34±0.06
0.08±0.03 7.79±1.27
9
HFD2R
27.49±5.42 1.08±0.20 0.31±0.04
0.10±0.07 7.81±1.00
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Figure 4.5 (a)

Figure 4.5 (b)

Figure 4.5 (c)
LFD/HFD R 11 m Evenness
**
0.80

*

0.75
0.70
0.65
0.60
0.55

1m
D1
LF

1m
1m
R1
R1
D
D
LF
HF

Figure 4.5 Microbial diversity of Allura Red AC experiment.
(a) Phylogenetic based beta diversity, a qualitative principal component analysis (PCA)
plot of fecal microbiota. Compare LFD 11-month old mice fecal samples, LFD/HFD
with Allura Red AC 11 months old mice fecal samples. Unweighted UniFrac distance
matrices of microbial communities in fecal samples, PC1 (x‐axis) explained 33.96%,
PC2 (y‐axis) explained 16.31 % of variability, PC3 (z‐axis) explained 9.96 % of the
variability.
(b) Phylogenetic based alpha diversity, the Shannon index. Lower Shannon vectors indicate
the lower diversity of the microbial communities. Compare HFD with Allura Red AC
11 months old mice to LFD with or without Allura Red AC 11 months old mice
Shannon vector significantly decreased. *p<0.05, **p<0.01, ***p<0.001.
(c) Comparing the alpha diversity evenness. Comparing the HFD with Allura Red AC 11
months old mice to LFD with or without Allura Red AC 11 months old mice samples,
diversity of evenness significantly decreased. *p<0.05, **p<0.01, ***p<0.001.
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Figure 4.6 (a)

B
i fi

La

do

ba
ct

er
ia

le

s;
f_

_B
ifi
ct
do
B
ob
ac
ba
ac
t
ct
er
ill
er
oi
al
ia
da
es
ce
le
;f_
ae
s
_L
;f _
C
ac
_S
lo
to
st
24
rid
ba
-7
C
ci
ia
lo
Er
lla
l
e
s
ys
s;
tr
c
C
ea
id
ip
f_
lo
ia
_L
el
e
st
le
ot
rid
ac
s;
ric
hn
i
f
a
_
ha
le
_R
o
s
le
um spi
s;
ra
f_
i
no
ce
_E
ae
co
ry
cc
si
pe
ac
lo
ea
tr
e
ic
ha
ce
ae

Figure 4.6 (b)

Figure 4.6 Microbiome analysis of Allura Red AC experiment.
Significant, *p<0.05, **p<0.01, ***p<0.001, **** p<0.0001.
(a) Operational taxonomic unit (OUT) of the Phyla level were compared: LFD and HFD
with and without Allura Red AC 11 months mice microbiota. The significantly increased
in Actinobacteria, Firmicutes; and Proteobacteria. Decreased in Bacteroidetes only in
HFD with Allura Red AC samples, and decreased Verrucomicrobia in both LFD and HFD
with Allura Red AC samples. These results confirmed the results of IBS and CRC patients
(Krogius-Kurikka et al., 2009) (J. Yang et al., 2019), and animals (Asquith et al., 2016).
Decrease Verrucomicrobia result in reducing glucose homeostasis (Spring et al., 2016).
Actinobacteridae also increased in CRC patients microbiome (Marchesi et al., 2011).
(b) Comparing the OUT of the family level: Increased in Bifidobacteriaceae and
Erysipelotrichaceae, especially in overlaid with HFD and Allura Red AC, decreased in
Bacteroidales family level in S24-7, especially in overlaid with HFD and Allura Red AC;
Clostridiales family level in Ruminococcaceae and Lachnospiraceae, especially in
overlaid with HFD and Allura Red AC.
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Figure 4.7
Bifidobacteriales;f__Bifidobacteriaceae
Coriobacteriales;f__Coriobacteriaceae
Bacteroidales;f__S24-7
Lactobacillales;f__Enterococcaceae
Lactobacillales;f__Lactobacillaceae
Lactobacillales;f__Streptococcaceae
Turicibacterales;f__Turicibacteraceae
Clostridiales;__
Clostridiales;f__
Clostridiales;f__Christensenellaceae
Clostridiales;f__Clostridiaceae
Clostridiales;f__Dehalobacteriaceae
Clostridiales;f__Lachnospiraceae
Clostridiales;f__Peptococcaceae
Clostridiales;f__Peptostreptococcaceae
Clostridiales;f__Ruminococcaceae
Clostridiales;f__[Mogibacteriaceae]
Erysipelotrichales;f__Erysipelotrichaceae
Burkholderiales;f__Oxalobacteraceae
Enterobacteriales;f__Enterobacteriaceae
Pseudomonadales;f__Moraxellaceae
Verrucomicrobiales;f__Verrucomicrobiaceae

Figure 4.7 Microbiome heatmap of Allura Red AC experiment.
Heatmap of family level. Heatmap plots show the gut microbiota composition between
samples at the family level. Relative abundances of individual taxa (rows) in each sample
(columns) are indicated in the associated color scale. HFD with Allura Red AC sample
increase Erysipelotrichaceae compare to LFD 11 months ample. Erysipelotrichaceae
related to inflammation disorders and enriched in colorectal cancer patients and animal
study (W. Chen et al., 2012; Kaakoush, 2015; Q. Zhu et al., 2014). This indicates that
Allura Red AC overlaid with HFD increased detrimental microbial communities.
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Figure 4.8 (a)

Figure 4.8 (b)

Figure 4.8 (c)

Figure 4.8 Microbial diversity of stress overlaid with Allura Red AC.
(a) Phylogenetic based beta diversity, PCA plot of fecal microbiota, LFD 11-month old
mice fecal samples, compare to LFD with stress and Allura Red AC, HFD with stress
and Allura Red AC 11 months old mice fecal sample, and HFD with stress and 2x
Allura Red AC 11 months old mice fecal sample. Unweighted UniFrac distance
matrices of microbial communities in fecal samples in separate sub clusters. PC1 (x‐
axis) explained 30.62%, PC2 (y‐axis) explained 17.40 % of variability, PC3 (z‐axis)
explained 12.36 % of the variability.
(b) Phylogenetic based alpha diversity, the Shannon index, lower Shannon vectors indicate
the lower diversity of the microbial communities. HFD with stress and Allura Red AC
11 months old mice compared to LFD 11 months old mice Shannon vector significant
decreased. Significant ** p<0.01.
(c) Compared the alpha in diversity evenness. HFD with stress and Allura Red AC 11
months old mice compared to LFD 11 months old mice diversity evenness was
significantly decreased. Significant *p<0.05, **p<0.01, ***p<0.001.
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Figure 4.9

Figure 4.9 Microbiome analysis of stress overlaid with Allura Red AC.
Comparing the OUT of the phyla level. Comparing the LFD, LFD with stress and Allura
Red AC, HFD overlaid with stress and Allura Red AC 11 months old. A significantly
increased in Actinobacteria, Firmicutes, and Proteobacteris; a significantly decreased in
Bacteroidetes and Verrucomicrobia. Significantly increased Proteobacteria at HFD
overlaid with stress and double ADI of Allura Red AC condition. The results have shown
the synergic effect of microbiota change compared to the result in Allura Red AC or stress
only. These results confirmed the results that the microbial communities of IBS and CRC
patients (Krogius-Kurikka et al., 2009) (J. Yang et al., 2019). Actinobacteridae increased
in human CRC patients microbiome (Marchesi et al., 2011). A significantly increased in
Proteobacteria, showed in HFD with stress and 2x ADI case, Proteobacteria is a proinflammatory microbial community (Hills et al., 2019), which also confirmed by the colitis
patients who had inflamed mucosa (J. Xu et al., 2018). Significant, *p<0.05, **p<0.01,
***p<0.001, **** p<0.0001.
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Figure 4.10
Bifidobacteriales;f__Bifidobacteriaceae
Coriobacteriales;f__Coriobacteriaceae
Bacteroidales;f__Rikenellaceae
Bacteroidales;f__S24-7
Lactobacillales;f__Enterococcaceae
Lactobacillales;f__Lactobacillaceae
Lactobacillales;f__Streptococcaceae
Turicibacterales;f__Turicibacteraceae
Clostridiales;__
Clostridiales;f__
Clostridiales;f__Christensenellaceae
Clostridiales;f__Clostridiaceae
Clostridiales;f__Dehalobacteriaceae
Clostridiales;f__Lachnospiraceae
Clostridiales;f__Peptococcaceae
Clostridiales;f__Peptostreptococcaceae
Clostridiales;f__Ruminococcaceae
Clostridiales;f__[Mogibacteriaceae]
Erysipelotrichales;f__Erysipelotrichaceae
Enterobacteriales;f__Enterobacteriaceae
Verrucomicrobiales;f__Verrucomicrobiaceae

Figure 4.10 Microbiome heatmap of stress overlaid with Allura Red AC.
Heatmap of family level: The heatmap plots show the gut microbiota composition between
samples at the family level. Relative abundances of individual taxa (rows) in each sample
(columns) are indicated in the associated color scale. The most increased family is
Erysipelotrichaceae. Erysipelotrichaceae related to inflammation disorders and enriched
in colorectal cancer patients and animal study (W. Chen et al., 2012; Kaakoush, 2015; Q.
Zhu et al., 2014). Decreasing trend appeared in families S24-7 and Ruminococcaceae.
Family S24-7 is related to active TLR4 signaling pathways, which has a potential role in
the anti-inflammation (Braten, Sodring, Paulsen, Snipen, & Rudi, 2017; Harris et al.,
2014). A metagenomic analysis described the ability of oxidative stress protection of the
Bacteroidales S24-7 family (Baughn & Malamy, 2004; Ormerod et al., 2016).
Ruminococcaceae associated with maintenance gut health in mammalian gut environment,
they may play the role in breaking down plant cell wall and less abundance in patients with
inflammatory bowel disease(Nagao-Kitamoto & Kamada, 2017)
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Figure 4.11 (a)

Figure 4.11 (c)

Figure 4.11 (b)

Figure 4.11 (d)

Figure 4.11 Histopathological analysis of Allura Red AC experiment.
(a) Histology scores of LFD and HFD with or without the Allura Red AC consumption.
significant * p<0.05.
(b) Histology scores of LFD and HFD with or without stress overlaid with Allura Red AC
consumption. significant * p<0.05, **p<0.01.
(c) H&E staining image, with magnification 200X. HFD and LFD with Allura Red AC
have shown moderate to severe lymphocytes infiltration and aberrant colonic cells and
crypts, especially on 2x dose Allura Red AC condition. Lymphoid-associated
colorectal mucosa might be the origin of many non-protruding adenomas. These lesions
may be referred to as microadenoma (Boivin et al., 2003). Significant feature is the
presence of diffuse inflammatory infiltration (Schurch, 2020).
(d) H&E staining image, with magnification 40X. HFD have shown aberrant crypts, and
HFD overlaid with Allura Red AC colon have shown lymphocytes infiltration, severe
inflammation on the rectal. Rectal prolapse in mice may mimic adenomatous change.
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Figure 4.12 (a)

Figure 4.12 (b)

Figure 4.12 (c)

Figure 4.12 (d)

Figure 4.12 (e)

Figure 4.12 Colon analysis of Allura Red AC experiment.
(a) Foci image of experimental Allura Red AC groups.
(b) Comparing distal 2.2 cm region foci in experimental groups. HFD and Allura Red AC
increased foci number. Significant differences have shown ** p< 0.01.
(c) Proximal colon polyps’ burden in experimental groups.
(d) Distal colon polyps’ burden in experimental groups, HFD overlaid with Allura Red AC
significantly increased polyps’ burden. Significant * p< 0.05, ** p< 0.01.
(e) Distal 2.2 cm region (rectal) polyps’ burden, HFD overlaid with Allura Red AC has
shown the highest polyps’ count. Significant * p< 0.05, ** p< 0.01.
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Figure 4.13 (a)

Figure 4.13 (b)

Figure 4.13 (c)

Figure 4.13 Peripheral blood analysis of Allura Red AC experiment.
(a) Lymphocytes to white blood cells percentage was compared in each group. Increased
lymphocytes percentage in both LHD/HFD overlaid with Allura Red AC. Elevated
lymphocytes cooperate innate and adaptive immune responses against infections
(Koyasu & Moro, 2012; Kubota, 2006). However, there was no significant difference.
(b) Hemoglobin was compared in each group. Although the fecal occult blood tests were
negative in current study, a low hemoglobin count can also be due to blood loss via
ulcers and tumor onset in CRC patients, appeared preoperative anemia (Shen, Shi, AlAshoor, & Xu, 2020; Vayrynen et al., 2018), it may relate to lower iron absorption in
the large intestine. Significant * p < 0.05.
(c) Serum cytokine IL-6 levels were measured. IL-6 is a pro-inflammatory peptide,
elevated in many inflammatory diseases and cancers. One of the mechanism by which
promote cell proliferation and tumor progression via IL-6/JAK2/STAT3 signaling
pathway (Atreya & Neurath, 2005; Fang et al., 2017; Galizia et al., 2002; Mao et al.,
2015; Rodriguez et al., 2015). The IL-6 level was significantly increased in HFD to
LFD; and the IL-6 levels were significantly increased in HFD overlaid with Allura Red
AC. Significant * p < 0.05, **** p < 0.0001.
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Figure 4.14 (a)

Figure 4.14 (b)

Figure 4.14 (c)

Figure 4.14 (d)

Figure 4.14 Organ analysis of Allura Red AC experiment.
(a) Comparing the spleen weight to body weight ratio in each group. The spleen plays an
important role in the immune system. Splenomegaly (enlarged spleen) indicate
infection, metabolic disorders here showed in consumed Allura Red groups. Significant
* p<0.05, **p<0.01.
(b) Comparing the liver weight to body weight ratio in each group. The HFD groups had
lower liver ration compared to the LFD groups. The liver detoxifies and metabolizes
chemicals here Allura Red AC, and liver secretes bile acids that ends up back in the
intestines. Here hepatomegaly (enlarge liver) showed in HFD overlaid with Allura Red
AC group compared to HFD only. Significant *p<0.05.
(c) Comparing the kidney weight to body weight ratio in each group. The HFD groups had
lower kidney ration compared to the LFD groups. The HFD overlaid with Allura Red
AC group had significantly enlarged kidneys compared to the HFD only. Significant
***p<0.001. Hydronephrosis (enlarged kidney) indicates severe kidney damage since
the kidney is another excretion organ for eliminating Allura Red in the system.
(d) The whole colon length of indicated groups. Consumed Allura Red AC significant
decreased colon length in high-fat groups. Significant * p<0.05.
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Figure 4.15

Figure 4.15 Images of colonic organoids in different culture environment.
Organoids derived from the colon crypts after implant 8-9 days. Quantification has shown
that LFD and HFD crypts formed nearly two-fold more clones than the LFD and HFD
overlaid Allura Red AC, respectively.
Culture medium WENRAS contains Wnt-3a, EGF, Noggin, R-spondin-1, Acetylcysteine,
SB202190.
Culture medium WENRASN contains Wnt-3a, EGF, Noggin, R-spondin-1,
Acetylcysteine, SB202190, and Nutlin (A inhibitor of p53).
Culture medium ENRASN contains EGF, Noggin, R-spondin-1, Acetylcysteine,
SB202190, (Without Wnt-3a, and depleted Wnt signaling dependent growth).

Table 4.3 Quantification organoids derived from different culture environment: Data have
shown Mean ± SD.
Culture Medium

Survival

Percentage (%)

Note

WENRAS

All Survive

100

Percentage of survived crypts in
conditional media to full media

WENRAS + Nutlin

Only p53 mutant survive

20 ±2.3

LFD

52 ± 5.1

LFD+R

1 ± 0.4

LFD

1 ± 0.5

LFD+R

23 ± 2.5

HFD

46 ± 4.9

HFD +R

16 ± 1.8

HFD

20 ± 2.2

HFD+R

ENRAS

WENRAS + Nutlin

ENRAS

Only Apc mutant survive

Only p53 mutant survive

Only Apc mutant survive
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4.4 Discussion
Mice consuming an HFD and Allura Red AC suffered skin lesions, dermatitis, and
skin erosion or small raised scabbed lesions across the body and including the anus with
redness and ulceration at approximately six months into the experiment. Mice also had
decreased survival rates and overall worse health conditions when consuming Allura Red
AC, and it was shown in a dose-dependent fashion. For instance, at 2x ADI dose intake
mice’s body weight and survival rate were lower than 1xADI intake mice. Mice consuming
Allura Red AC had a significant lower survival rate than the mice not consuming Allura
Red AC. Allura Red AC dyed the mice intestines and fecal samples. However, the
hemoccult test was negative. Although the mice did not develop diarrhea in the
experimental period, mice consuming the HFD and Allura Red AC, who had significantly
lower hemoglobin level than the control group, which might confirm the lower iron
absorption and inflammation in their intestines (Vayrynen et al., 2018), and it might be an
indicator for EOCRC.
Allura Red AC depletes beneficial microbial communities in mice microbiota,
which resulted in increased tumorigenesis. Elevated IL-6 is linked to inflammationassociated CRC, increased IL-6 expression has been related to the advanced stages of the
disease and decreased survival rates in CRC patients. IL-6 is a crucial regulator of CRC
development (Waldner et al., 2012). These results may indicate Allura Red AC increased
oxidative stress in the colon. A suggested mechanism relies on the pro-oxidant activity of
azo-reduction products producing reactive oxygen species (Ben Mansour et al., 2007;
Sweeney, Chipman, & Forsythe, 1994).
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In the Allura Red AC groups, the lamina propria was infiltrated with immune cells,
resulting in a complete change in the muscular and submucosal morphology. These data
suggest that colitis is a significant precursor of adenocarcinoma in mice. Histopathologic
interpretation is complicated by the frequent occurrence of rectal prolapse and mucosal
herniation associated with inflammation. The colitis mucosa is thickened and hyperplastic
compared with normal mucosa. Mucosal herniation, or displacement of the non-neoplastic
epithelium into the submucosa and deeper layers of the bowel wall, is common in rectal
prolapse and difficult to distinguish from carcinoma (Boivin et al., 2003). Lymphoidassociated colorectal mucosa might be the origin of many non-protruding adenomas and,
consequently, non-protruding early colorectal carcinomas.
Microbiome analysis showed reduced microbial diversity in mice consuming
Allura Red AC overlaid with HFD. IBS, IBD and CRC patients have reduced microbial
diversity compared to healthy subjects (Ahn et al., 2013; Gong, Gong, Wang, Yu, & Dong,
2016; Hughes et al., 2013). When stress was overlaid with Allura Red AC, there was a
synergistic effect on microbial distribution and abundance, especially on an HFD. For
instance, a significantly increase in Proteobacteria, a major phylum of gram-negative
bacteria, was shown in HFD with stress and 2x ADI group, which has also been shown in
patients with active colitis (J. Xu et al., 2018).
An HFD enhances colonic crypts stemness and tumorigenicity (Beyaz et al., 2016),
and it related to Wnt signaling pathway, associated with increased Apc mutations in our
study. Loss of the Wnt/β catenin signaling pathway negative regulator -APC- is a hallmark
of human CRC, involving about 90 - 95% CRC patients (de Sousa, Vermeulen, Richel, &
Medema, 2011; Najdi, Holcombe, & Waterman, 2011; Novellasdemunt, Antas, & Li,
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2015; Schatoff, Leach, & Dow, 2017; L. Song, Li, He, & Gong, 2015). The Allura Red AC
elevated p53 mutations, and p53 is a stress-inducible transcription factor, a tumor
suppressor, which regulate a large number of diverse downstream genes in multiple
signaling process (Li, Zhou, Chen, & Chng, 2015; Rodrigues et al., 1990). p53 mutations
drives to the cell’s proliferation and progression of abnormal growth in approximately 4050% CRC patients (Takayama, Miyanishi, Hayashi, Sato, & Niitsu, 2006).
In summary, an HFD elevated Apc mutations in colonic stem cells, and Allura Red
AC elevated p53 mutations in colonic stem cells. Mice consuming the HFD overlaid with
Allura Red AC had significant lower survival rates compared to control mice. The HFD
overlaid with Allura Red AC significantly increased IL-6 level in the system, and also
significantly increased inflammation scores and polyps’ burden in distal colon and rectum.
Mice consuming the HFD overlaid with Allura Red AC enriched microbes in
Erysipelotrichaceae, which relate to inflammation disorder and CRC in patients. A
synergistic effect has shown microbiome changes when stress was overlaid with Allura
Red AC.
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CHAPTER 5
ALLURA RED AC ASSOCIATED WITH REPRODUCTIVE TOXICITY
IN MICE
5.1 Introduction
Tsuda S et al. reported that DNA damage appeared in both female and male mice,
and male mice had lower toxicity threshold than females, orally taken red food dyes at a
starting dose of 10 mg/kg (Tsuda et al., 2001). In addition, some azo dyes or their
metabolites were selectively toxic or carcinogenic. For example, 4-aminoazobenzene is
hepatocarcinogenic in male but not in female mice (EFSA, 2013), and it suggests that there
may be another mode of action. Vorhees et al., conducted another developmental toxicity
and psychotoxicity study of Allura Red AC on rats: rats were fed Allura Red AC for two
weeks and then bred, continued diets on the females throughout gestation and lactation
stages. Vorhees et al., found that parental rats fed with Allura Red AC for two weeks then
bred, Allura Red AC significantly reduced reproductive success, parental and offspring
weight, brain weight, and survival. Allura Red AC affects both physical and behavioral
toxicity in developing rats at doses of up to 10% of the diet (Vorhees, Butcher, Brunner,
Wootten, & Sobotka, 1983). Another finding in an azo dye-Sunset Yellow FCF-it increased
incidences of sister chromatid exchanges (SCE) in mouse bone marrow and chromosomal
aberrations in spermatocytes by increased morphological sperm abnormalities and DNA
fragmentation (Sayed, Fouad, Ataya, Hassan, & Fahmy, 2012).
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In these preliminary studies, I set out to determine if parental Allura Red AC
consumption overlaid with an HFD causes offspring diseases, specifically distal colon and
rectum inflammation later in life. The incidence of EOCRC increased by 2.4% per year in
age 20-29 years old adults; increased by 1.0% per year in age 30-39 years old adults;
increased by 1.3% per years in age 40-49 years old adults; and increased 0.5% per year in
age 50-54 years old adults since mid-1990s (R. L. Siegel, Miller, Fedewa, et al., 2017).
The rational is natural growth of cancer cells, the average doubling time about one hundred
days, and the progression from polyps to an invasive cancer usually takes an average of
fifteen years, and 50% of the metastases start to grow two years before the detection of the
primary tumor (Friberg & Mattson, 1997). Based on other positive toxicity data, we
verified the genotoxicity of Allura Red AC in mice offspring: spontaneous abortions,
infertility, or heritable damage in the offspring.
5.2 Methods
5.2.1 Sample Size
Based on previous studies of toxicity for the Allura Red AC, for ethical reasons, we
used the minimum number of animals necessary to achieve the scientific objectives.
Following the framework of using animals humanely, 3Rs (replaced, refined, and reduced)
were considered. To compare F1 mice colon and rectal health, five animals per group
needed as below power analysis described. We would use the healthy pups from previous
LFD group as controls, since their parents did not consume Allura Red AC. On average
litter size of A/J is 6.3 (Jax.org). If successfully breed, three pair of F0 would produce
approximately eighteen pups for further study. So I set six pairs of F0 for two groups,
according to previous male and female difference threshold of toxicity report (Tsuda et al.,
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2001). I set first F0 group, both male and female consumed Allura Red AC for ten weeks
prior to breed; the second F0 group, only male consumed Allura Red AC for fifteen weeks
prior to breed. The animal welfare associated with understanding of statistical assumption
and potential saving of experimental animals (Festing & Altman, 2002; Kilkenny et al.,
2009; Richter et al., 2018). Up to these long-term Allura Red AC consumption for the F0
mice, has not been studied yet.
G*Power 3.1 statistical software, sample size estimated based on 80%, Type 1 error
is 0.05, statistical power for 3R (replacement, reduction, and refinement) priority. The
number of mice per group based the numbers in each group of the effect size among two
groups being at least 2.0. With these assumptions, five mice per group will provide 80%
power to detect the difference between the two groups based on a two-tailed, two-sample
t-test with significant level of 5% (Festing & Altman, 2002; Kilkenny et al., 2009; Richter
et al., 2018).
5.2.2 Materials and procedures
Three-week-old A/J mice (Stock No: 000646, Jackson Lab) were purchased from
Jackson Laboratory (Bar Harbor, ME). Animals’ housing and maintenance were described
in Chapter 2. Randomized equal number female and male in two groups, male and female
mice separate in different cages, each cage about 4-5 mice. A margin of exposure (MoE)
approach was conducted in this pilot study (Cartus & Schrenk, 2017). A human equivalent
ADI dose was given to parental mice up to ten weeks or fifteen weeks before breeding.
Reproductive behavior was monitored daily.
Allura Red AC was purchased from Sigma-Aldrich, US. CAS Number: 25956-176, Color Index Number: 16035, Product Number: 458848, Lot Number: MKCG 5943.

99

High-fat diet from Bio Serv® #F3282, protein 20.5%, fat 36.0%, carbohydrate61.6%, total
saturated fatty acids 141 g/kg, total unsaturated fatty acids 202.2 g/kg, total caloric 5.49
kcal/g. We utilized the Allura Red AC drinking concentration-based criteria for the human
equivalent dose. FDA approved ADI 7 mg/kg/day for a human, convert it to mice dose in
mg/kg by body surface area, the calculated mice ADI is 86 mg/kg (Nair et al., 2018). After
monitoring the volume of liquid consumed by mice, we calculated the concentration of
Allura Red AC in the different body weight range to ensure accurate doses. Allura Red AC
was dissolved in sterile deionized water, mice consumed in ad libitum. Control mice drank
drinking water in ad libitum.
Food and drink were measured in each group twice a week; weight carried out
100th gram decimal. After three days, weighed the body weight around the same time of
the day, then divided by mice number and days for each mouse daily consumption. F0 mice
started consuming the HFD and Allura Red AC at four-week old. After10 weeks or 15
weeks of consumption the HFD and Allura Red AC, mating was conducted with a ratio of
one male to one female for a 4-day mating period, because mice had a very short estrous
cycle (4-5 days), females were checked following morning for a vaginal plug, if plug
appeared, which indicate mate were performed, then separated the male and female., and
females were placed in individual cages (Laboratory, 2020a).
The day male and female that set breeding pair in one cage was identified as
gestation day 0, daily monitor until 24 days after. We prepared cellulose fibers for female
nest-building — female mice who built dome-shaped nests, which was a positive sign for
preparing the newborn. Nesting is an important resource for mice, which helps them to
modulate their microclimate. Male mice were euthanized by carbon dioxide inhalation after
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the mating period; females who gave birth were euthanized following weaning or one
month after birth. Upon euthanasia, all mice underwent complete gross necropsy. The
organs and tissues were fixed in 10% neutral formalin and embedded in paraffin for further
analysis.

Male 4-week old

10 weeks Allura Red AC
Breeding

Female 4-week old

10 weeks Allura Red AC

Figure 5.1 (a) Both parental mice had Allura Red AC for 10 weeks before the breeding.

Male 4-week old

15 weeks Allura Red AC
Breeding

Female 4-week old

15 weeks H2O

Figure 5.1 (b) Only Male mice had Allura Red AC for 15 weeks before the breeding.
Figure 5.1 One generation experimental design.

5.3 Results
Although there were significant differences in animals’ body weight while on an
HFD and Allura Red AC by two months of age, there was no significant difference between
the two groups on food consumption and water intake. The fertility and pregnancy did not
differ significantly (Jax.org): litter sizes showed the approximately normal reproductive
ability of A/J mouse strain (Figure 5.3 c). (Festing, 1998; Nagasawa, Miyamoto, &
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Fujimoto, 1973). In addition, maternal females’ body weight changes indicate female’s
health (Figure 5.3 a, b).
In group one, both F0 males and the females consuming the HFD and Allura Red
AC for 10 weeks. F1 newborn eyes were not open, some had attraction movement, some
were not; and mothers did not take care of newborns, later, mothers ate some of the dead
newborn pups (Figure 5.3 d). The newborn average body weights were lower than healthy
newborn pups. F1 Newborn pups from group one, the average body weight were about 1.1
g (Figure 5.3 c), which was lower than the average new born lab mice body weight 1.5 g
(Spangenberg, Wallenbeck, Eklof, Carlstedt-Duke, & Tjader, 2014). Litter size was 4, 5,
and 6, respectively (Figure 5.3 a). Comparing to mice reproductivity, the litter size average
was 5, which was smaller than 6.3 for A/J mouse strain (Jax.org). F1 newborn died within
12 hours after the birth. Laboratory mice do have infanticide behavior (mother eat
newborns), but it is not happening very often. In group one F1 newborn pups, they did not
show healthy activity after being delivered, and F0 mothers did not take care of those
stillborn pups, either buried them under bedding material or eat them afterward.
In group two, F0 males consuming the HFD and Allura Red AC for 15 weeks, and
F0 females consumed the HFD and water only, females miscarried after gestation by
monitoring by body weight changes (Figure 5.3 b). Also verified by checking their vaginal
opening for miscarriage residues after gestation. The results were indicating prenatal
toxicity and germ cell toxicity in both groups. And the toxicity appeared a dose, sex, and
time scaled fashion. These results suggest parental A/J mice consuming ADI level of Allura
Red AC for 10 to 15 weeks had reproductive toxicity in offspring. Further study is to
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determine the developmental window of both sex A/J mice on an HFD overlaid with Allura
Red AC and AOM tumorigenesis of EOCRC.

Figure 5.2 (a)

Figure 5.2 (b)

Figure 5.2 (c)

Figure 5.2 (d)

Figure 5.2 Food and drink intake of female mice.
(a) 15-22 g female mice drink Allura Red AC solution less than water, n=10.
(b) 22-33 g female mice drink Allura Red AC solution slightly less than water, n=10.
(c) 15-22 g female mice eat slightly less HFD while consumed Allura Red AC, n=10.
(d) 22-33 g female mice eat less HFD while consumed Allura Red AC, n=10.
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Figure 5.3 (a)

Figure 5.3 (b)

Figure 5.3 (c)

Figure 5.3 (d)

New Pups Body Weight
1.4
Body Weight (g)

1.2
1.0
0.8
0.6
0.4
0.2
0.0
HR1

n=4

HR2

n=5

HR3

n=6

Figure 5.3 One generation experimental data.
(a) Gestation female mice body weight were monitored, and they consumed HFD and
Allura Red AC in group one. n indicates observed new pups’ number.
(b) Gestation female mice body weight were monitored, and they consumed HFD only in
group two. New pup’s data were not detected.
(c) Newborn pups body weight in group one.
(d) Image of deceased new-born pups in group one.
5.4 Discussion
The total amount of artificial food dyes certified by the FDA has increased 5 fold
from 1950 to 2012 (Stevens et al., 2015). FDA certified food dyes was 24, 559, 325.62
pounds in the U.S. in the fiscal year of 2019, and Allura Red AC was the most used - at 9,
069, 260. 45 pounds (36.9% of all dyes) (FDA Administration, 2020). Moreover, a
comparison study of the daily consumption of artificial dye-containing food by American
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children and adults, showed that children's daily exposures were significantly (p<0.001)
greater than adults (Bell, Mora, Hagan, Rubin, & Karpyn, 2013). The food industry
enriched food dyes in American favorites, for instance, macaroni and cheese, salad
dressings, cereal, bakery, candy, and salty snacks. In turn, the effect of long term-exposure
to synthetic dyes is unknown.
The study used to determine the ADI of Allura Red AC was performed only on
animals and only determined the cancer formation (Borzelleca et al., 1989). However, this
long-term study (19 months) did not explain a 20% animal survival rate by the endpoint,
and the authors interpreted that significant weight loss of animals was because of the lack
of nutrition power of Allura Red AC. Our data have shown one-generation reproductive
toxicity of Allura Red AC in mice, and the toxicity of Allura Red AC showed dose and
time scaled fashion. There was no F1 pups survived when parents consumed Allura Red
AC consumption at 86mg/Kg/day (equivalent of human ADI dose). Synthetic food
coloring’s safety in humans should be considered, particularly in parental and young. In
summary, when Allura Red AC in the presence of an HFD was consumed by parent for 10
to 15 weeks, there was no any F1 offspring survived. This is extremely alarming and
warrant further investigation into the significance of this observation; and mechanisms by
which it occurs. Given the increased amounts of dye in our food supply, this issue warrants
further study.
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CHAPTER 6
DISCUSSION
6.1 Significant Findings
A/J Mice consuming an HFD, undergoing psychological stress, also consuming
Allura Red AC had an unhealthy colon, characterized by high inflammation, polyps’
burden, and dysbiosis. Interestingly, the adverse effect of psychological stress affects
animals more when they were on an LFD. The adverse effect of Allura Red AC
significantly affects animals on an HFD. The adverse effect of psychological stress and
Allura Red AC generate a synergistic effect.
The HFD increased gut microbiota Actinobacteria and Firmicutes, and decreased
Bacteroidetes and Verrucomicrobia in phyla level. These microbiome changes have been
showed in CRC patients (Marchesi et al., 2011; J. Yang et al., 2019). There was also a
decreased population of Enterococcus in the HFD microbiota, Enterococcus is an
important probiotic genus, with anti-inflammatory potential (de Almeida et al., 2018).
Also, the HFD caused Apc mutations- a significant finding worth follow-up, because
abnormal Wnt signaling is a hallmark of the CRC (Basu, Haase, & Ben-Ze'ev, 2016;
Novellasdemunt et al., 2015; Schatoff et al., 2017).
Psychological stress decreased microbial diversity, decreased beneficial
Bacteroidales, (esp., family level of S24-7); and increased Erysipelotrichales, (esp, family
level of Erysipelotrichaceae), which may drive colonic inflammation. This hypothesis is
supported by the observation that microbial communities of IBS patients are enriched in
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Firmicutes but reduced in Bacteroidetes (Krogius-Kurikka et al., 2009). A high relative
abundance of Firmicutes spp. indicates the development of a dysbiosis microbiota in
animals (Asquith et al., 2016). In addition, Firmicutes and Actinobacteridae are
significantly increased in CRC patient samples (J. Yang et al., 2019; Marchesi et al., 2011).
Overall findings of my research indicate the following: (1) An HFD increased
inflammatory scores and polyps’ burden in the distal and rectal colon. (2) An HFD
increased gut microbiota Firmicutes/Bacteroidetes ratio causes dysbiosis. (3) An HFD
depleted beneficial microbiota S24-7 at the family level and enriched colorectal cancer
(CRC) biological marker Allobaculum at the genera level. (4) An HFD caused Apc
mutations in colonic stem cells. (5) Psychological stress increased inflammatory scores and
polyps’ burden in the distal and rectal colon. (6) Psychological stress enriched the CRC
biological marker Allobaculum in gut microbiota at the genera level. (7) Allura Red AC
led to elevated IL-6 levels in the serum and elevated p53 mutations in colonic stem cells.
(8) Allura Red AC increased polyps’ burden and colitis in the distal and rectal colon when
overlaid with the HFD. (9) Allura Red AC decreased overall survival when overlaid with
the HFD. (10) Allura Red AC decreased microbial diversity and richness when overlaid
with the HFD. (11) Allura Red AC enriched CRC-related microbiota Erysipelotrichaceae
at the family level when overlaid with the HFD. (12) Allura Red AC resulted in metabolic
changes by depleting the microbial phylum Verrucomicrobia. (13) Allura Red AC overlaid
with HFD induced reproductive toxicity in A/J mice.
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6.2 Limitations
Mice are the most used animal model for studying human diseases, because of
mice’s genetics, anatomy, and physiology similar to humans, get many same diseases as in
humans (Bodenreider, Hayamizu, Ringwald, De Coronado, & Zhang, 2005; Demetrius,
2005; Schreiber, 2005; Travillian, Gennari, & Shapiro, 2005), and also, mice are easy
breeding, and less cost than other mammalian models. However, the anatomy of the mouse
and humans’ intestinal tract also have prominent differences. Mouse naturally are less
likely to develop CRC. Besides, diet, eating patterns, and microbiome of both species are
quite divergent. For example, lab rodents consume feces, known as coprophagy, which is
essential for the maintenance of healthy gut microbiota and allows the recovery of nutrients
that were not utilized during the first pass through the digestive system. Other essential
factors, such as genetic background, housing, birth mode, diet, and social activities, all
those factors in mice imply the gut microbiota cannot reflect a “real-life” human microbiota
(Nguyen, Vieira-Silva, Liston, & Raes, 2015).
The pharmacokinetics (ADME), organ specificity and species difference between
human and mice need be evaluated (Azzu & Valencak, 2017; Blais et al., 2017;
Radermacher & Haouzi, 2013; Terpstra, 2001). For instance, diverse population of
microbiota mediate their beneficial effects through the fermentation of dietary fiber to
produce short-chain fatty acids (Dabke et al., 2019; A. M. Martin et al., 2019; M. Song,
Chan, & Sun, 2020), which play important roles in homeostasis and reducing
inflammation, and mice have advantage of large cecum for fermentation. The following
comparison are showing the differences of anatomy for the human and mice large intestine
and microbiota component difference at top 5 genera level.
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Table 6.1 Anatomy comparison of mouse and human larger intestinal tract Adapted from
(Nguyen et al., 2015)
Features
Cecum
Appendix
Colon

Mouse
Large, fermentation
No
Smooth and no division

Bowel of the colon
Presence of haustrum
and taenia coli in the
colon
Distribution of Paneth
cells
Distribution of Goblet
cells

Thin muscularis mucosae
No

Distribution
transverse folds

Present only in the small
intestine
Abundant in proximal colon,
number decrease at the crypt in
distal colon and rectum
of Restricted to the cecum and
proximal colon

Human
Small, no fermentation
Yes
Clearly
divided
into
different
sections:
ascending, transverse, and
descending colon
Variable thickness
Yes

In the cecum and proximal
colon
Abundant from cecum to
rectum
Along the length of the
colonic mucosa

Table 6.2 Difference genus between mouse and human. Adapted from (Nguyen et al.,
2015) Significant difference * p<0.05.
Mouse Top 5

Human Top 5

Genus

Mean
Relative Genus
Mean
Relative
Abundance
Abundance
(%)
(%)
Mice
Humans
Mice
Humans
Lactobacillus*
63.136
0.047
Prevotella
0.869
51.672
Clostridium
32.243
22.072
Faecalibacterium* 0.271
49.409
Bacteroides
25.412
37.475
Bacteroides
25.412
37.475
Alistipes
25.241
7.554
Ruminococcus*
1.977
26.270
Turicibacter*
22.553
0.222
Clostridium
32.243
22.072
Low-abundance genera with significant abundance difference between humans and mice
Mice
Humans
Mice
Humans
Catenibacterium* 0.031
0.874
Catenibacterium* 0.031
0.875
Lachnospira*
0.230
3.502
Akkermansia*
0.003
0.744
Streptococcus*
0.066
0.962
Dialister*
0.002
3.856
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6.3 Problems Remaining
Industrialized food system changed in the last several decades worldwide
(Benjelloun, 2013; Melo, Rezende, Machado, Gouveia, & Levy, 2018; Monteiro et al.,
2018). Ultra-processed food and drink products do not provide a healthy nutrition to the
human beings. Besides, a series of processes including the supplementation with food
additives (flavors, colors, stabilizer, emulsifier) to replace the traditional culinary
preparation or processing, have dramatically changed human food supply. Moreover,
people prefer to be convinced, and attracted by big food companies. We should pay
attention to the risk of ultra-processed diet and non-communicable diseases (Rauber et al.,
2018). (1) ultra-processed food and drinks are caloric dense that cause obesity (Monteiro
et al., 2013; Steele et al., 2016); (2) ultra-processed food’s harmful effects just like tobacco
and alcohol’s that need be alarmed (Moodie et al., 2013; Moubarac et al., 2013); (3) ultraprocessed food increases the cancer risk in human (Fiolet et al., 2018).
The FDA established ADIs recommendations over two decades ago. Since then,
the average daily dye production, the number of colored food choices, and colored food
consumption have increased (Administration, 2015). Azo compounds are a specific class
of dyes based on their chemical structure, and they have the potential to be degraded to
carcinogenic compounds when exposed to certain bacteria and enzymes. Although the
parent compounds of the azo dyes may not be problematic, once they are exposed to various
bacteria on the skin (from cosmetics or tattoos) or in the intestinal tract (from food), they
can be reduced to form new compounds that are potentially carcinogenic to humans. (J.
Feng, Cerniglia, & Chen, 2012). The Food Additives Amendment of 1958 is an amendment
to the United States “Food, Drugs, and Cosmetic Act of 1938”. It was a response to
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concerns about the safety of new food additives, also known as “Delaney clause,” which
states if a substance was found to cause cancer in man or animal, then it could not be used
as a food additive. The results indicate Allura Red AC potential carcinogenicity and
mutagenicity in mice, and we appeal urgently for eliminating synthetic food coloring
Allura Red AC in our food system by further research.
6.4 Future direction
Diet and lifestyles are essential determinants in human health. The diet is shaping
gut microbiota, gut homeostasis, metabolism, and inflammation. We developed a mouse
model of colonic inflammation among the HFD, Allura Red AC and psychological stress.
Leverage this model, we will test doses of a carcinogenic inducing tumor before 12 months
old of mice exposed suspect element. We will identify developmental window of
susceptibility to the HFD, psychological stress, and Allura Red AC; we will test the effects
of the HFD, psychological stress, and Allura Red AC in the A/J mouse with AOM to
determine any impact on tumorigenesis; we will test the effects psychological stress, and
Allura Red AC in other mouse model, e.g., Apc Δ14/+(truncated Apc) mouse. We will also
explore a humanized gnotobiotic mouse model, which are immunocompromised mice, and
can be reconstituted with human stem cell, progenitor cells, and microbiome (Turnbaugh,
Ridaura, et al., 2009). For instance, transplant stressed patients’ fecal samples into germfree mice with AOM, to determine the tumorigenesis. By using a humanized mouse model,
it will provide more information of immune system and CRC (Beyazit & Pek, 2018).
Further steps will discover the faithful remodeling system- colonic organoids. By elevated
CRC crypts in the 3D culture, we will obtain subtypes molecular changes in CRC model,
which will give detailed interpretation for the EOCRC research.
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Collectively, our data contribute the understanding that a Westernized HFD,
psychological stress, and Allura Red AC contribute to distal and rectal colon inflammation
and dysbiosis – consistent with the carcinogenic process. Future studies will leverage these
data to dive deep into the mechanisms, and whether these carcinogenic processes will lead
to distal and rectal colon cancer. Further research will be needed to understand how to
leverage the microbiome in prevention and treatment of EOCRC.
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APPENDIX A
QIIME 2.0 IMPORTANT SCRIPTS AND WORKFLOW
Set Up
Activate QIIME2.0 in Terminal
(source activate qiime2-2018.11)
Activate Tab Completion at Startup (each time you open QIIME2.0
(source tab-qiime)
View Commands at Startup (optional)
(qiime tools import --help)
View Importable Types at Startup (optional)
(qiime tools import --show-importable-types)
Change Directory
(cd Desktop)
Create a folder on the desktop. This is the folder that working on and making the
directory. Folder must clearly specify the project and contain no spaces, no numbers.
(Example Weaning_Pups). Move all the fastQ folders that need be analyzed into the folder.
Copy and Paste. Then, create a folder within Weaning_Pups that is labeled Fastq and put
all the fastq files from each sample into this folder. Copy and Paste.
Create a mapping file. The mapping file is a way for qiime to analyze the data and
identify each sample. This will be an excel file that contains #SampleID, Mouse Number,
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Treatment, Gender, Tumor Burden, Spleen Weight, etc. Any identifiers. Save this file as
an excel file and a .txt.
Make Directory
mkdir (name of the folder to work in)
cd (name of the folder to work in)

Importing FASTQ
Importing QIIME2.0
doc: (https://docs.qiime2.org/2018.11/tutorials/importing/?highlight=import)***
*Generally received demultiplexed paired-end sequences (2 files per sample “R1” and
“R2”*
*Put all samples into same folder, and make sure the mapping file contains relevant
information (i.e., sample IDs matching read designations, barcode sequences,
primer/adapter sequences).*
Importing demultiplexed paired-end sequences (without barcodes) into QIIME2.0 artifact
-be in correct directory
qiime tools import
--types 'SampleData[PairedEndSequencesWithQuality]'
--input-path fastq
--input-format CasavaOneEightSingleLanePerSampleDirFmt
--output-path demux-(whatever you name it) and “.qza” as filetype
-output will be demux-(name).qza QIIME2.0 artifact file for all downstream use
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qiime tools import \
--type 'SampleData[PairedEndSequencesWithQuality]' \
--input-path fastq \
--input-format CasavaOneEightSingleLanePerSampleDirFmt \
--output-path demux-paired-end.qza

Processing demux-paired-end.qza FASTQ
-have mapping file in same directory
1. Summarize demux FASTQ sequence data
qiime demux summarize
--i-data demux-(name).qza
--o-visualization demux-(name).qzv (.qzv file designation critical)
-output is a visualization file
2. View demux sequence data summary
qiime tools view demux-(name).qzv
-Output is visualization of data in html format. Look at data and choose how much to trim
from 5’end of sequences (how long are the primers? Also, how long the reads to be?)
“Interactive Quality Plots” give this information.
*critical for next step*
3. Denoise Data (Trims primer, make sequences the same length, removes chimeric
sequences, aligns, and clusters all at once). It also produces biome table rep-seqs file, and
denoising stats. Using dada 2 method of denoising.
qiime dada2 denoise-paired
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--i-demultiplexed-seqs demux-(name).qza
--p-trim-left-f (5’ length of sequence to trim from forward read) (a number)
--p-trim-left-r (5’ length of sequence to trim from reverse read) (a number)
--p-trunc-len-f (length of forward read)(a number)
--p-trunc-len-r (length of reverse read)(a number)
--verbose (shows data as it runs)
--o-table otu-table.qza
--o-representative-sequences rep-seqs.qza
--o-denoising-stats denoising-stats.qza

*Trim the sequences to obtain the best quality and exclude low quality reads. As the
reads begin, there is an increase. Trim the forward and reverse as soon as stop seeing the
quality score increase (typically 20 base pairs). On the ends, trim when the quality drops
below 20. Usually, the forward read has much better quality and have a longer highquality sequence read. (For example, F len 230, R len 120). The length of the forward and
reverse do not need to be the same.
* Depending on the number of sequences/samples in the analysis, this can take a long
time to process. *

4. FeatureTable and FeatureData Summaries
-summarize and view file data (need mapping file forward)
-as described above in steps 1 and 2
qiime feature-table summarize \
--i-table otu-table.qza \
--o-visualization otu-table.qzv \
--m-sample-metadata-file mappingfile.txt
qiime feature-table tabulate-seqs \
--i-data rep-seqs.qza \
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--o-visualization rep-seqs.qzv
qiime metadata tabulate \
--m-input-file denoising-stats.qza \
--o-visualization denoising-stats.qzv
5. Generate a Tree for phylogenetic analysis
qiime phylogeny align-to-tree-mafft-fasttree \
--i-sequences rep-seqs.qza \
--o-alignment aligned-rep-seqs.qza \
--o-masked-alignment masked-aligned-rep-seqs.qza \
--o-tree unrooted-tree.qza \
--o-rooted-tree rooted-tree.qza
* Output is tree file need for phylogenetic analysis. You will need to define sampling depth
at this point. You obtain this information by looking at summarized table and identifying
lowest sampling depth that loses (A) the fewest samples and (B) the fewest sequences per
sample. *

Analyze Data
1. Beta Diversity Analyses
qiime diversity core-metrics-phylogenetic
--i-table otu-table.qza
--i-phylogeny rooted-tree.qza
--p-sampling-depth (a number you choose based on table summary from step 4
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*value needs to include the smallest number (be careful not to exclude too many if there is
a wide range in the values, make a judgment call, and go for the largest sampling depth).*
--m-metadata-file mappingfile.txt
--output-dir core-metrics-results
-output is beta diversity data. Use “qiime tools view (filename.qzv)” to visualize
2. Alpha Diversity Analyses
Qiime diversity alpha-group-significance
--i-alpha-diversity core-metrics-results/alphadiversitydatafilename).qza
--m-metadata-file mappingfile.txt
--o-visualization core-metricsresults/(alphadiversitydatafilename).qzv
-Output is alpha diversity data. Use “qiime tools view (filename.qzv)” to visualize
-You can download txt files of raw data here
*For alpha diversity qza files in core metric results – evenness-vector, faith-pd-vector,
Shannon-vector, and rarefied-table.*
3. Beta Diversity Testing (PERMANOVA)
Qiime diversity beta-group-significance
--i-distance-matrix core-metrics-results/(distancematrix).qza
--m-metadata-file mappingfile.txt
--m-metadata-column groupname
--o-visualization core-metrics-results/filename.qzv
--p-pairwise
*For beta diversity qza files in core metric results- bray-curtis-distance matric, jaccarddistance -matrix, weighted, and unweighted distance matrix.*
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4. Rarefaction plots
Start by viewing out-table.qzv, and choose the median of frequency per sample.
qiime diversity alpha-rarefaction
--i-table otu-table.qza
--i-phylogeny rooted-tree.qza
--p-max-depth (a number)(choose median of “frequency per sample” in table.qzv)
--m-metadata-file mappingfile.txt
--o-visualization alpha-rarefaction.qzv
-output is rarefaction plot. Use “qiime tools view (filename.qzv)” to visualize
5. Taxonomic Analysis – (classifier download from Moving Pictures Tutorial)
Make sure to download the appropriate classifier download. There are several versions.
Currently, working with 2018.11.
Copy and Paste
curl -sL \
"https://data.qiime2.org/2018.11/common/gg-13-8-99-515-806-nb-classifier.qza" > \
"gg-13-8-99-515-806-nb-classifier.qza"
qiime feature-classifier classify-sklearn \
--i-classifier gg-13-8-99-515-806-nb-classifier.qza \
--i-reads rep-seqs.qza \
--o-classification taxonomy.qza
*needs internet connection. *
qiime metadata tabulate \
--m-input-file taxonomy.qza \
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--o-visualization taxonomy.qzv
-Output is a table of taxonomic calls for total community (across all samples).
6. Taxonomy barcharts
qiime taxa barplot \
--i-table otu-table.qza \
--i-taxonomy taxonomy.qza \
--m-metadata-file mappingfile.txt \
--o-visualization taxa-bar-plots.qzv
-output is barcharts and relevant txt files that could be pull down and analyze
7. Testing for Significant Difference in Abundance (if a large data set needs to filter out
some data or remove a group of samples. eg., diet or treatment group)
qiime feature-table filter-samples
--i-table otu-table.qza
--m-metadata-file (metadatafilename).txt
--p-where (groupname you want to compare (metadata column name)
--o-filtered-table (groupname)-table.qza
-output is a filtered table for whatever group subset you are interested in analyzing
8. Group significance testing with ANCOM
qiime composition add-pseudocount (to ignore zeroes)
--i-table (groupname)-table.qza
--o-composition-table comp-(groupname)-table.qza
qiime composition ancom
--i-table comp-(groupname)-table.qza
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--m-metadata-file (metadatafilename).txt
--m-metadata-column (column name for analysis)
--o-visualization ancom-(groupname).qzv

Filtering Data
Check https://docs.qiime2.org/2018.11/tutorials/filtering/ to find a variety of methods for
filtering feature-tables as exemplified by step 7 from ANALYZE DATA.
Now create a feature table that has taxonomy instead of feature IDs, basically what former
OTU tables were in qiime1.
qiime taxa collapse \
--i-table otu-table.qza \
--i-taxonomy taxonomy.qza \
--p-level 2 \
--o-collapsed-table phyla-table.qza
qiime taxa collapse \
--i-table otu-table.qza \
--i-taxonomy taxonomy.qza \
--p-level 5 \
--o-collapsed-table phyla-table5.qza
qiime taxa collapse \
--i-table otu-table.qza \
--i-taxonomy taxonomy.qza \
--p-level 6 \
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--o-collapsed-table phyla-table6.qza
feature-table.qza is from output of dada2/deblur, and the taxonomy.qza file comes from the
classifier.
Now convert this new frequency table to relative frequency:
qiime feature-table relative-frequency \
--i-table phyla-table.qza \
--o-relative-frequency-table rel-phyla-table.qza
qiime feature-table relative-frequency \
--i-table phyla-table5.qza \
--o-relative-frequency-table rel-phyla-table5.qza
qiime feature-table relative-frequency \
--i-table phyla-table6.qza \
--o-relative-frequency-table rel-phyla-table6.qza
This new artifact now has the relative abundances. To obtain a text file, first export the data
in biom format:
qiime tools export \
--input-path rel-phyla-table.qza \
--output-path exported-tree
qiime tools export \
--input-path rel-phyla-table5.qza \
--output-path exported-tree5
qiime tools export \
--input-path rel-phyla-table6.qza \
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--output-path exported-tree6
To convert Biom format into .tsv format
biom convert -i exported-tree/feature-table.biom -o table.from_biom.tsv --to-tsv
biom convert -i exported-tree5/feature-table.biom -o table.from_biom5.tsv --to-tsv
biom convert -i exported-tree6/feature-table.biom -o table.from_biom6.tsv --to-tsv
https://forum.qiime2.org/t/combine-feature-tables-to-show-otus-and-frequency-in-asample/1613
https://docs.qiime2.org/2018.11/plugins/available/feature-table/heatmap/
check: https://dendropy.org/library/phylogeneticdistance.html#moduledendropy.calculate.phylogeneticdistance
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